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SUMMARY 
Poly(lactic acid) (PLA) is a biodegradable polymer derived from renewable resources that 
can be processed by typical manufacturing methods such as injection moulding, extrusion, 
thermoforming, fibre spinning and film casting. The aim of this research is to prepare, 
characterize and evaluate the thermo-physical properties of composites where the matrix 
is a polymer derived from renewable resources and the dispersed phase is fibrous, with a 
second dispersed phase of nanoparticles, for thermoplastic biopolymer composite 
application. PLA composites reinforced with natural fibres and nanofiller were prepared 
as alternative materials to the traditional composites produced from non-biodegradable 
components such as glass fibre or carbon fibre with polymers such as polypropylene or 
epoxy resins. The inconsistent mechanical properties of PLA limit its application because 
of incompatibility of hydrophobic polymer matrix and the hydrophilic nature of natural 
fibres that readily absorb moisture. This problem leads to biodegradable thermoplastics 
being brittle and of low toughness. 
Self-reinforced PLA composites were prepared by compression moulding of non-woven 
PLA to create all-PLA composites where the matrix phase was formed from partially 
melted fibres and the reinforcement phase was the original PLA fibres. Moulding time, 
temperature and pressure were optimized to retain fibre properties while ensuring 
compaction and adhesion. The essence of the compaction process was to melt a fraction 
of the surface of each fibre under a comparatively low contact pressure for 10 min at 
2.4 MPa and 30 s at 12.1 MPa. The substantially higher pressure was applied for a short 
time to obtain consolidation of the non-woven mat whilst on cooling the recrystallizing 
polymer bound the fibres together to form a fibre-polymer composite. The mechanical 
properties of all-PLA composites were evaluated with modulated force thermomechanical 
analysis (DMA) and composite structure was confirmed using wide angle X-ray scattering 
(WAXS) and differential scanning calorimetry (DSC). Optimum compaction and 
adhesion were observed with scanning electron microscopy (SEM). Further research was 
performed to investigate the morphology and mechanical properties of all-PLA 
composites within a small temperature window (172-180 C) because these properties 
were found to be relatively weak for temperatures selected for preliminary experiments 
(100, 130, 150 and 170 C). The preliminary research found that processing temperature 
xxvi 
 
played a profound role in affecting the fibre-matrix bonding that consequently altered the 
mechanical properties of the composites. The compaction method for all-PLA composites 
suggested a temperature range between 172 to 176 °C was required for successful 
compaction and adhesion as revealed by SEM morphology where the PLA fibres were 
wetted and efficiently bonded to the matrix phase. The objective of the following study 
was to use the compaction process with a film stacking method.  
PLA was reinforced with hemp fibres and various concentrations of nanosilica were 
prepared with a film stacking method to improve the physical and mechanical properties 
of PLA. Melting behaviour of the composites was evaluated using non-isothermal DSC 
and modulated-temperature DSC (mT-DSC) to study the multiple melting behaviour of 
PLA composites. Multiple melting endotherms were observed and they depended on 
scanning rate when using conventional DSC. Reinforcement by hemp fibres and 
nanosilica in PLA composites altered the crystallization (during heating) and melting 
behaviour of PLA composites. Faster heating rate eliminated the multiple melting 
endotherms because the relatively less stable crystallites did not have time to recrystallize 
during a DSC scan. The elucidation of multiple melting behaviour of PLA composites 
was investigated with mT-DSC performed with slower scanning rate to allow detection of 
more subtle changes compared with conventional DSC. Recrystallization and 
reorganization of crystals that occurred in PLA composites was not resolved by 
conventional DSC because of superimposed endothermic and exothermic contributions. 
The ability of mT-DSC to separate reversible melting and crystallization (recrystallization) 
from exothermic events provided more details about the melting processes of the PLA 
composites. Recrystallization occurred as soon as the mobility of molecular segments that 
are attached to crystal surfaces was attained, though mostly this was obscured in total 
specific heat data. The recrystallization process took place just before the main melting of 
the primary crystals in the composites. Recrystallization and reorganization of secondary 
crystals in forming a more ordered crystalline structure is a reversible process that was 
detected in the reversing heat capacity. Increased modulus and thermal stability of PLA 
composites were evidence of the contribution of nanosilica as observed in 
thermomechanical properties and thermogravimetry (TGA) results. The nanosilica was 
distributed uniformly throughout the polymer matrix indicating that the ultrasonication 
method was an effective approach to achieve nanocomposites with uniform distribution.  
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Tributyl citrate (TBC) was selected as a plasticizer for PLA composites in combination 
with hemp fibres and nanosilica to reduce the brittleness of PLA matrix. The interfacial 
bonding of PLA composites with reinforcement of hemp fibres and nanosilica together 
with TBC was determined to be greater in comparison with PLA composites without 
plasticizer, exhibited a strong interface between fibres and matrix. It was found that TBC 
reduced the brittle failure of PLA composites and increased the flexibility of PLA 
composites. The glass transition (Tg) of plasticized PLA composites was modified with 
addition of TBC. The Tg decreased confirming that TBC was an effective plasticizer. DSC 
showed that TBC in PLA composites enhanced nucleating ability of fillers and crystal 
growth, attributed to increased PLA chain mobility. PLA crystallized in the range between 
the glass transition temperature and melting temperature of neat PLA. Addition of TBC in 
PLA composites slightly increased the crystallinity, consisted of the same crystalline 
modification of PLA matrix as shown in WAXS results. Crystallization behaviour was 
investigated with non-isothermal crystallization kinetics and polarized optical microscopy 
(POM). Hemp and nanosilica effectively acted as heterogeneous nucleation agents for 
PLA that promoted the nucleation and consequently increased the crystallization rate of 
plasticized PLA composites. POM revealed that the crystal morphology under isothermal 
conditions was modified by silica, hemp or both suggesting changes in nucleation. The 
selected plasticizer and reinforcing agents showed promising results in improving the 
crystallization of PLA composites, hence increasing the physical and mechanical 
properties. 
 
CHAPTER 1 
Introduction 
1.1 Overview 
Biodegradable polymers have recently attracted great interest in the scientific community 
because environmental pollution by plastics has assumed significant proportions. Among 
the various possible routes to eliminate plastics wastes, biodegradability and 
bio-recyclability and polymer form renewable resources (such as poly(lactic acid) (PLA) 
derived from corn) are regarded as attractive solutions, and it has become a rather widely 
adopted opinion that biodegradable polymers a have well-grounded role in solving the 
waste problem [Sun Yang, San Yoon and Nam Kim, 2005]. Biopolymers in the context of 
this project are aliphatic polyesters derived from natural resources via biochemical 
syntheses and carbohydrates (starch or cellulose based). PLA and poly(glycolic acid) are 
examples of polymers produced from lactic acid and glycolic acid derived from enzymatic 
reactions. Poly(3-hydroxybutanoate) (PHB) and it copolymers with 3-hydroxyvaleric acid  
(PHB-HV) are polymers naturally produced by bacteria. Other related polyesters derived 
synthetically from monomers produced via biochemical syntheses are considered in this 
group is that they have similar properties and are biodegradable such as polycaprolactone 
(PCL), poly(ethylene succinate) and poly(ethylene adipate), or their butylene analogues. 
While aromatic polyesters such as poly(ethylene terephthalate) exhibit excellent material 
properties, they prove to be highly resistant to microbial attack. Aliphatic polyesters on 
the other hand are readily biodegradable, but lack good mechanical properties that are 
critical for most applications. Most of these polymers can be spun into fibres. The 
polymers, fibres and their composites are suitable for many applications in biomedical 
systems, disposable containers, plates, cutlery and specialty packaging. 
PLA appears to be one of the most attractive for film applications in agriculture and as 
packaging material [Liu et al., 2000] because of its facile availability, good 
biodegradability and good mechanical properties. PLA (from L-lactic acid, D-lactic acid 
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or mixes of both) can be obtained by poly-condensation of naturally produced lactic acid 
or by the catalytic ring opening of the lactide group via starch fermentation using glucose 
from corn. The proportion of the L- and D- isomeric forms will determine the properties 
of the polymer as amorphous or semi-crystalline [Tsuji, Mizuno and Ikada, 1998; Li et al., 
2001]. As far as biodegradability is concerned, it has been confirmed that PLA will 
naturally degrade in soil or compost in a large-scale operation with temperature of 60 C 
and above [Ghorpade, Gennadios and Hanna, 2001], even if it is known that PLA is less 
susceptible to degradation than other aliphatic biodegradable polymers such as PCL in 
natural environment [Pranamuda, Tokiwa and Tanaka, 1997]. PLA does not biodegrade 
readily at temperatures less than 60 C due to its glass transition temperature being close 
to 60 C. The first stage of degradation of PLA (two weeks) is via hydrolysis to water 
soluble compounds and lactic acid. Rapid metabolisation of this product into CO2, water 
and biomass by a variety of micro-organisms occurs after hydrolysis. PLA is often 
blended with starch to increase biodegradability and reduce costs. However, the 
brittleness of the starch-PLA blend is a major drawback in many applications. To remedy 
this limitation, a number of low molar mass plasticizers such as glycerol, sorbitol, tributyl 
citrate and triethyl citrate are used.  
Previous research has investigated the controlled degradation of PLA and its effect on 
crystallization and melting. An application of PLA compositions is controlled release of 
pharmaceuticals. The degradation rate and other physical and mechanical properties can 
be controlled by addition of plasticizers and nucleating agents. An alternative way is using 
blends with other polymers. Carbohydrates can be used as polymer supports for food 
nutrients and flavours. PLA that does not have chiral regularity and does not crystallize 
can be used in blends. Poly(3-hydroxybutyric acid) (trade name Biopol), 
poly(4-hydroxyvaleric acid) and some polyethers could be used in blends with PLA. 
Environmentally degradable blends of PLA with other polymers, and impact-resistant 
plastics have been prepared by blending polylactides with elastomers. Comparison of the 
properties of the blends with those of polyethylene, show them to be a biodegradable 
replacement for polyethylene in packaging applications [Wong, Shanks and Hodzic, 
2004]. A poly(D, L-lactic acid) oligomer was plasticized with 1,2-propylene glycol and 
glycerol. The latter plasticizer showed poor compatibility, whereas 1,2-propylene glycol 
was compatible with the polymer to high concentrations [Wong, Shanks and Hodzic, 
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2003].  Research with polyolefins and some PLA and PHB composites with flax and 
hemp fibres has been performed. The polyolefins have weak intermolecular forces and 
interactions have been found to be determined mainly by shape, branching frequency and 
regularity, that is by entropic effects. Our interest with this project is to explore 
biodegradable polymers with natural fibre and nanoparticle reinforcement impacted on 
physical and mechanical properties.  
1.2 Aim of The Thesis 
The aim of this research is to prepare, characterize and evaluate the thermo-physical 
properties of composites where the matrix is a polymer derived from renewable resources 
and the dispersed phase is fibrous (woven or felted) and may contain another component 
that is nano-scale in at least one dimension.  
1.3 Objectives 
The objectives of this research are to:  
 prepare all-PLA composites using hot compaction method to enhance the physical 
and mechanical properties of all-PLA composites. 
 prepare novel biodegradable composites reinforced with natural fibres and 
nanoparticle to alter the compatibibilty of polymer matrix and natural fibres, 
yielding improved dynamic mechanical properties. 
 investigate the dynamic and modulated force mechanical analysis 
(thermomechanometry) of the composites and constituent polymers. 
 explore the thermal behaviour (crystallization and melting) of the hybrid 
composites using differential scanning calorimetry with various methods. 
Crystallization kinetic model will be used to clarify the nucleation activity of the 
composites. 
 determine the crystalline structure of the hybrids composites using X-ray 
scattering. 
 observe the cross section and surface morphology of the hybrid composites 
performed with environmental scanning electron microscopy. 
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 resolve the crystal growth after thermal treatments with hot stage polarised optical 
microscopy. 
1.4 Expected Deliverables 
At the end of this research, there are three main expected results: 
 The hot compaction method on PLA will promote adhesion bonding between PLA 
fibres to improve the morphology and mechanical properties of non-woven PLA 
composites.  
 The film stacking technique on PLA pellets and woven hemp cloth will enlarge the 
processing temperature window during hot compaction and improve the 
morphology and mechanical properties of the hybrid composite. 
 The dispersion of nano-scale particles is expected to improve physical and 
mechanical properties of the hybrid composites including stiffness and toughness. 
1.5 Research Questions 
 Is hydrophobic PLA compatible with hemp fibres that readily adsorb water? 
 Can PLA be thermally bonded without excessively melting the fibre resulting in 
loss of strength? 
1.6 Rationale 
PLA or polylactide has received much attention due to increasing environmental concerns 
and decreasing fossil fuel resources. PLA can be obtained from plant-based material 
(corn, starch, sugar and so forth), is biodegradable, can be composted, and can be melted 
(thermoplastic polyester) and completely renewable (derived from 100 % renewable 
resources [Anderson, Schreck and Hillmyer, 2008]. PLA has become a significant 
commercial biopolymer with excellent properties including biodegradability, high 
modulus, strength and transparency. Its clarity makes it useful for recyclable and 
biodegradable packaging, such as bottles, yogurt cups, and candy/sweet wrappers. It also 
has been used for food service ware, lawn and food waste bags, coating for paper and 
cardboard, and fibre for clothing, carpets, sheets and towels and wall coverings. In 
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biomedical applications, it is used for sutures, prosthetic materials and materials for drug 
delivery. This material has a promising future with the potential to replace conventional 
petrochemical-based plastics such as polyethylene (PE), polypropylene (PP), and 
poly(ethylene terephthalate) (PET). PLA is inherently clear, naturally glossy, resistant to 
moisture and grease and naturally stiff. PLA can be processed using most conventional 
thermoplastic moulding techniques and equipment and copolymerized with other 
materials and it readily accepts fillers. Most important to early marketing efforts, PLA can 
be engineered to be biodegradable in controlled compost situations. Only about 25 % of 
the total market is appropriate for biodegradable plastics. PLA fibre is said to bridge the 
gap between natural and synthetic polymer, offering a unique combination of properties 
combining the best attributes of natural and synthetic fibres. The synthetic polymer has 
been progressively displacing natural polymers because of cost and excellent performance 
of final product.  
Several companies produce PLA, such as Cargill Dow LLC. PLA produced by Cargill 
Dow was originally sold under the name EcoPLA, and now is known as NatureWorks 
PLA, is a family of PLA polymers that can be used alone or blended with other natural-
based polymers. Most recently, Ingeo (PLA Fiber) was designated as a new generic fibre 
by Federal Trade Commission, creating potential for increased use. Applications of Ingeo 
include clothing, wipes, carpet tiles, diapers, feminine hygiene products, upholstery, 
interior and outdoor furnishings, filtration and agricultural applications [NatureWorks 
LLC, 2014]. 
Making PLA requires 30 % to 50 % less fossil fuel than polymers synthesized from 
hydrocarbons, and it thus reduces carbon dioxide (CO2) emissions. A limiting factor for 
PLA is its relatively poor barrier to water vapor, oxygen and CO2. PLA’s water vapor 
transmission rate is significantly higher than for PET, PP or PE. In order to enhance PLA 
moisture and gas barrier properties, technologies like nanocomposites, aluminium 
metalizing, and glass or other barrier coating are being investigated.  Although PLA 
stiffness is similar to that of PET [Auras, Harte and Selke, 2004], it is more brittle 
(elongation at break ~ 10 %) [Rasal and Hirt, 2009]. In addition, PLA does not have any 
reactive side-chain groups. Developing a version of PLA with readily modified reactive 
groups would be advantageous for many applications, including antifogging, wettability, 
adhesion and friction. Currently, the major challenges to the widespread use of PLA are 
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its brittleness and lack of readily reactive-chain group. Previous research found that by 
adding a small amount of poly[3-hydroxybutyrate-co-3-hydroxyhexanoate] (PHBHHx) 
blend with PLA improved the toughness [Rasal and Hirt, 2009]. This toughness 
degradation has been attributed to the loss of interactions due to PLA phase shrinking 
[Wang, Sun and Seib, 2003]. Recent research of PLA nanocomposites with silica as 
disperse phase showed that nanoparticle improved the mechanical properties of the 
composites and the improvement was attributed to compatibilization and enhanced 
nanoparticle mobility in the nanocomposites [Wen et al., 2010]. Other research found that 
the addition of nanofiller improved thermal stability as a consequence of mobility of PLA 
chains and active hydroxyl end groups [Wen at al., 2011]. 
The importance of ‘green” properties such as biodegradability and favourable CO2
 
balance grows with the awareness of consumers and engineering for sustainability in the 
use of materials [Hepworth and Bruce, 2003]. Reinforcement of polymer composites with 
plant fibre instead of glass fibre is a way of improving these properties, yet such 
composites are often of moderate strength when both fibre and matrix are bio-based and 
biodegradable [Capiati and Porter, 1975; Zimmermann, Pohler and Geiger, 2004; Azizi-
Samir, Alloin and Dufresne, 2005]. The concept of self-reinforced polymer composites 
was first introduced by Capiati and Porter (1975) to prepare PE composites using 
polymers with different melting temperature. Following this pioneering work, numerous 
studies have been carried out on these so called ‘self-reinforced’ or ‘all-polymer’ 
composites which are based on similar or identical materials for both the matrix and 
reinforcement. A number of techniques have been developed to prepare these composites, 
including hot compaction [He and Porter, 1988; Ward and Hine, 1997; Ward and Hine, 
2004], film stacking [Von Lacroix, Werwer and Schulte, 1998; Zhang, Reynolds and Peijs, 
2009], powder or solution impregnation [Von Lacroix, Lu and Schulte, 1999; Peijs, 2003], 
co-extrusion [Zhang et al., 2010] and selective surface dissolution [Rasburn et al., 1995; 
Qin et al., 2008; Soykeabkaew, Xiuyuan and Peijs, 2008]. The main advantage of all-
polymer composites over traditional thermoplastic composites such as glass-fibre-
reinforced plastics (GFRP), is their enhanced recyclability [Zhang et al., 2010]. GFRP can 
only be recycled into other fibre reinforced grades because of the difficulty in separating 
glass fibre from polymer matrix. Unlike GFRP, all-polymer composites can be melted 
entirely at the end of the product life for recycling into polymer feedstock that can be used 
7 
for a wide range of future applications [Zhang et al., 2010].This enhanced recyclability is 
desirable to satisfy new environmental legislation which is currently targeting high 
volume industries such as automotive, electrical and electronic industries. Bulk polymer, 
such as PE and PP for all-polymer composites, has been particularly good because of their 
large number of industry and domestic applications. PE was the prime candidate because 
of the ultimate modulus. However, a relatively low glass transition temperature (Tg) and 
melting temperature (Tm) of PE, limited the use of PE in the field of elevated temperature 
applications. Therefore, polymer with higher Tg and Tm become interesting candidates for 
developing all-polymer composites. All-PET composites by film stacking and hot 
consolidation have been studied to be used in fully recyclable all-polymer composites 
[Von Lacroix, Werwer and Schulte, 1998; Hine, Ward and Teckoe, 1998; Hine and Ward, 
2003; Zhang and Peijs, 2010]. For this project, biodegradable PLA will be used as a 
matrix seems that the Tg and Tm of PLA is sufficiently used for high temperature 
application. 
1.7 Thesis Structure 
This thesis has five main sections with a total of ten chapters. The first section is Chapter 
1, 2 and 3 that include Introduction, Literature Review and Materials and Methods. 
Chapter 1 is an introduction to the thesis that contains the aim and objectives of the thesis 
including the thesis structure shown in Figure 1.1. A literature review PLA located in 
Chapter 2 covers aspects of PLA production and polymerization, modification of PLA 
including chemical treatment, surface treatment and incorporation of filler and plasticizer 
in PLA composites to alter PLA properties. An advanced technique of modulated 
temperature differential scanning calorimetry (mT-DSC) is precisely used to resolve 
melting behaviour of PLA composites . Non-isothermal crystallization kinetics based on 
Avrami and Ozawa models is discussed in order to investigate the crystallization behavior 
of PLA composites. Chapter 3 outlines the materials and methods used in this research. 
Hybrid PLA composites reinforced with hemp fibre and nanosilica particles were 
prepared by a film stacking method.  
The second section consists of Chapters 4 and 5 presenting the preparation and properties 
of all-PLA composites. Chapter 4 investigates PLA non-woven fibres. Initial study of 
non-woven fibre produced all-PLA composite by a hot compaction method. Mechanical 
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properties and SEM morphology study of all-PLA composites are used to verify the 
improvement of mechanical properties with good interfacial binding. Further investigation 
is reported in Chapter 5 by narrowing the temperature window of the hot compaction 
method within the melting temperature range of PLA. 
The third section is covered in Chapters 6 and 7 that discuss formation and properties of 
PLA-hemp-nanosilica composites. Hybrid PLA-hemp-nanosilica composites are prepared 
with addition of various silica loading (2.5, 5.0, 7.5 and 10.0 %w/w) in the PLA matrix 
and constant volume fraction of hemp fibres. Naturally, PLA crystallization is slow 
because of low or no nucleation activity during crystallization. Hemp fibre and nanosilica 
are used to induce nucleation activity in the composites. Non-isothermal differential 
scanning calorimetry (DSC) at various scanning rates is used to investigate the 
crystallization and melting behaviour of these composites. The advanced method of 
mT-DSC is used to investigate melting behaviour of PLA composites. This method offers 
the opportunity to quantitatively separate events that occur in composites. Application of 
mT-DSC technique to polymers is beneficial to understand the thermodynamic and 
kinetics events occurring over temperature or time. The mT-DSC provides further 
information about glass transition, crystallization, recrystallization and melting behaviour 
of composites. This technique is particularly useful for some blended composites that 
have complex overlapping crystallization exotherm and melting endotherm. Studies of 
PLA composites using this technique have not yet been explored widely, therefore the 
purpose is to probe the complex melting behavior of PLA composites using mT-DSC, 
which is presented in Chapter 6. Chapter 7 discusses the thermal stability, mechanical 
properties and surface morphology of PLA composites that are impacted by the addition 
of nanosilica in PLA matrix. Wide angle X-ray scattering was performed to investigate 
the crystalline structure change.  
The forth section presents an investigation of plasticizer on physical, mechanical 
properties and thermal behaviour of PLA-hemp-nanosilica composites, covered in 
Chapter 8 and Chapter 9. Non-isothermal crystallization kinetics based on Avrami and 
Ozawa models is used to investigate the nucleation activity and crystal growth of PLA 
composites. Polarized optical microscopy is performed as a complementary study of 
crystal growth in PLA crystallization.  
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The last section is Chapter 10 that involves conclusions of the research and 
recommendation for further study. 
 
Figure 1.1: Flow chart of thesis structure 
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CHAPTER 2 
Literature Review 
2.1 Introduction 
This chapter aims to provide information on biodegradable the polymer, PLA, and 
modification of PLA. Knowledge of developments, productions of PLA and modification 
of PLA based on chemical and physical treatments are provided. The literature review is 
presented in an observational form. Reviews that are more specific are presented in each 
particular chapter. 
2.2 Poly(lactic acid) 
Poly(lactic acid) (PLA) belongs to the family of aliphatic polyesters that are the most 
extensively researched and utilized biodegradable and renewable thermoplastics with a 
high potential to replace conventional petrochemical based polymers. PLA-based 
technologies have emerged with emphasis on improvement of chemical/physical, 
mechanical and biological properties that are equivalent or superior to conventional 
polymers.  
2.2.1 PLA Developments 
Bischoff and Walden in 1893 published the development of PLA initiated with lactide 
production formulas. In 1932, low molecular weight PLA was produced by Carothers and 
co-workers (DuPont) by heating lactic acid under vacuum. In subsequent work, in 1954, 
PLA was marketed by E. I. DuPont de Nemours and Ethicon Incorporation for medical 
applications, specifically for suture, implant and controlled release drug applications. 
Shimadzu Corporation and Kanebo Gohsen Ltd, Japan then produced PLA fibres by melt 
spinning in 1992 and Kanebo Gohsen Ltd started commercial production in 1994, in 
Japan under the trade name Lactron. In 1997, another commercial production of PLA 
fibres was produced by Fiber-web France S.A., France, under the trade name Deposa. In 
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2002, Cargill Dow Polymers LLC, USA a 50:50 joint venture between Cargill 
Incorporated and Dow Chemical Company started commercial production of PLA from 
starch under the trade name NatureWorks. Cargill Dow LLC later introduced PLA fibre 
Ingeo
TM
 spun from the NatureWorks
TM
 polymer in 2003. In 2005, Dow sold its share to 
Cargill that renamed the business as NatureWorks LLC [Linneman, Sri Harwoko and 
Gries, 2003; Gupta, Revagade and Hilborn, 2007], presently operate the world largest 
PLA plant in Savage, Minnesota. 
2.2.2 PLA Productions 
Lactic acid, the monomer building block of PLA is produced by converting starch that is 
obtained from renewable sources such as corn, wheat, sugar cane bagassse and cassava 
bagassse, starchy materials from potato, tapioca or barley using either a petrochemical 
route or bacterial fermentation. Due to an asymmetric carbon atom, lactic acid has two 
optical isomers, L- and D-lactic acid as shown in Figure 2.1. 
 
Figure 2.1 Lactic acid optical monomers [Gupta, Revagade and Hilborn, 2007]. 
The L-lactic acid rotates the plane of polarized light clockwise whilst D-lactic acid rotates 
it counterclockwise. The petrochemical routes to lactic acid produce an optically inactive 
50:50 mixture of D and L forms. The fermentation of lactic acid is a more eco-friendly 
approach that has been used extensively since 1990 [Gupta, Revagade and Hilborn, 2007]. 
The most widely used production method of lactic acid is by bacterial fermentation of 
carbohydrates, using a homolactic organism such as various optimized strains of 
Lactobacillus that exclusively form lactic acid [Dorgan, Lehermerier and Mang, 2000]. 
The organisms that predominantly yield the L-isomer of PLA are Lactobacilli 
amylophilus, Lactobacilli bavaricus, Lactobacilli casei, Lactobacilli maltaromicus and 
   L-lactic acid         D-Lactic acid 
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Lactobacilli salivarius. Strains such as Lactobacilli delbrueckii, Lactobacilli jensenii and 
Lactobacilli acidophilus, yield the D-isomer or mixtures of both [Hartmann, 1998]. 
2.2.3 Polymerization 
Polymerization of lactic acid to PLA can be achieved either by direct condensation 
processes that involve solvents under high vacuum, or in a solvent free process by 
catalytic ring opening polymerization of the cyclic lactide, as shown in Figure 2.2 
[Linneman, Sri Harwoko and Gries, 2003].   
 
 
Figure 2.2 Reaction schemes to produce PLA [Linneman, Sri Harwoko and Gries, 2003].  
The existence of hydroxyl and a carboxyl group in lactic acid make it possible to be 
converted directly into polyester via a polycondensation reaction. However, the 
conventional esterification polymerization of lactic acid generally yields a low molecular 
weight, brittle, glassy polymer, which is unusable for direct application unless separate 
coupling agents are used to increase its molecular weight. The molecular weight of the 
condensation polymer is low due to the viscous polymer melt, difficulty of water removal, 
impurities, statistical low concentration of reactive end-groups and the “back-biting” 
equilibrium reaction which forms the six-membered lactide ring.  
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Ring-opening polymerization (ROP) of lactide is a common way to obtain high molecular 
weight (Mw > 100,000 g/mol) PLA. In the first step, the intermediate lactide, a cyclic 
lactic acid dimer, is formed once the condensation product water is removed by 
evaporation during dimerization. L-, D- or mixtures lactic acid can be polymerized  
corresponding to low-molecular weight poly(lactic acid) oligomer. They can then be 
catalytically depolymerized through an internal transesterification, such as by 
“back-biting” reaction to form the lactide. In the second step, purified L-lactide, D-lactide, 
D,L-lactide (50:50 mixture of L and D isomers), or meso-lactide monomer is converted 
into a corresponding high-molecular weight polyester by catalytic ring-opening 
polymerization. The lactide method was the only method for producing pure, high 
molecular weight PLA until Mitsui Toatsu Chemicals commercialized a process, whereby 
lactic acid and catalyst were azeotropically dehydrated in a refluxing, high boiling 
temperature, aprotic solvent under reduced pressure to yield high molecular weight of 
greater than 30,000 g/mol [Garlotta, 2001].  
The ROP was carried out most commonly using a stannous octoate catalyst. Stannous 
alkoxide, a reaction product between stannous octoate and alcohol, was proposed as the 
substance to initiate polymerization through coordinative insertion of lactide. Alcohol 
could affect the polymerization through reactions that leads to initiator depletion, chain 
transfer and transesterification. Carboxylic acids affect the polymerization through a a 
chain termination reaction. Research found that alcohol increased PLA production rate 
while carboxylic acid decreased the rate. Table 2.1 shows some of common catalysts that 
have been used for PLA synthesis.  
Polymerization of a racemic mixture of L- and D-lactides that normally leads to the 
synthesis of poly(D,L-lactide) (PDLLA) that was found to be amorphous. The usage of 
stereospecific catalysts was identified to lead to heterotactic PLA that was found to 
crystallize. The degree of crystallinity, and other important properties, is controlled by the 
ratio of D to L enantiomers present. The ROP of L-lactide using different organic 
monocarboxylic iron complexes has been investigated. It was reported that the acetate 
anion as well as iron partly, are chemically attached to the polymer chain. Research 
proposed a polymerization mechanism through an anionic type of coordination insertion. 
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Table 2.1 Common catalysts for PLA synthesis [Madhavan et al., 2010]. 
Polymer Catalyst Solvent Molecular 
weight (g/mol) 
D, L PLA 
L-PLA 
aluminium, isopropoxide toluene Mn. 90,000 
D-L PLA stannous octoate alcohols Mw < 3,50,000 
L-PLA stannous octoate alcohols, 
carboxylic acid 
Mn, 250,000 
L-PLA stannous octoate and compounds 
of titanium and zirconium 
toluene 
Mn = 40,000 -            
100,000 
 
D-PLA 
L-PLA    
D-L PLA              
stannous trifluoromethane 
sulfonate, scandium (III) 
trifluoromethane sulfonate 
ethanol 
- 
L-PLA Mg, Al, Zn, Titanium alkoxides methylene 
chloride 
- 
L-PLA yttrium tris (2,6-di-tert butyl 
phenolate) (in toluene) 
2-propanol, 
butanol, ethanol 
Mn < 25,000 
D-L PLA Zn lactate no solvent Mn = 212,000 
D-L PLA butylmagnesium, Grignard 
reagent 
ethers 
Mn < 300,000 
L-PLA potassium naphthalenide THF, toluene Mn < 16,000 
L-PLA complexes of iron with acetic, 
butyric, isobutyric and 
dichloroacetic acid 
no solvent 
Mw = 150,000 
Various purification technologies have been employed for synthesis of lactic acid into 
high molecular weight PLA [Datta and Henry, 2006]. PLA can be produced using 
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condensation-coupling, azeotropic dehydrative condensation or ring-opening 
polymerization of lactide (Figure 2.3). 
 
Figure 2.3 Synthesis of high molecular weight PLA [Hartmann, 1998]. 
The condensation method is the least expensive route however it is difficult in a solvent-
free system. The use of coupling agents or esterification-promoting adjuvants increases 
cost and complexity. 
16 
PLA is a unique polymer because the lactide occurs in three forms due to the optical 
activity of lactic acid, D,D-lactide, L,L-lactide and D,L-lactide (meso-lactide) (Figure 2.4) 
[Sodergard and Stolt, 2002]. The final properties of the polymer are determined by the 
stereochemical composition of lactide monomers [Drumright, Gruber and Henton, 2000].  
 
Figure 2.4 Stereoforms of lactides [Madhavan et al., 2010]. 
A low molecular weight (Mw~2,000-10,000 g/mol) polymers is produced by a direct 
condensation route due to the presence of water and impurities [Garlotta, 2001]. This low 
molecular weight PLA has substandard mechanical properties that suffer from the need 
for water removal, use of solvent under high vacuum and temperature, and increased color 
formation and racemization of PLA. The commercial manufacture of PLA are now 
commonly produced by lactide ring opening polymerization due to the disadvantages of 
direct polycondensation [Vink et al., 2003]. 
PLA is typically linear in its structure. PLA can be produced in different branched 
architectures by co-monomers bearing initiation groups [Kim et al., 1993; Korhonen, 
Helminen and Seppala, 2001] in polymerization reaction by employing multifunctional 
initiators [Pitet et al., 2007; Wolf and Frey, 2009]. Another research found that 
multifunctional chain extenders [Lehermeier and Dorgan, 2001; Mihai, Huneault and 
Favis, 2010] or peroxides scission [Sodergard and Nasman, 1994; Soedergard et al., 1995] 
were a potential way of branching. 
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2.2.4 PLA Advantages and Limitations 
PLA is an attractive biopolymer that is biodegradable, derived from renewable resources, 
recyclables and compostable [Drumright, Gruber and Henton, 2000]. PLA has been used 
widely in consumer applications because of renewability, biodegradability, transparency, 
processability and suitable mechanical properties. Dannon and McDonald’s (Germany) 
initiated the use of PLA as packaging materials for yogurt cups and cutlery [Auras, Harte 
and Selke, 2004]. Following of this application, NatureWorks LLC polymers have been 
used widely for a range of packaging applications such as rigid thermoformed containers, 
coated papers and high-value films.  
PLA and its degradation product are neither non-toxic nor cause carcinogenic effects in 
local tissues, hence making it an excellent material for biomedical application. It has been 
proved that the degradation of PLA does not interfere with tissue healing [Athanasiou, 
Niederauer and Agrawal, 1996]. In addition, PLA consumes 25-55 % less energy in 
production and recycling processes. Low energy use of PLA makes its production 
potentially advantageous with respect to the cost of production. 
PLA can be processed by most common methods such as injection molding, extrusion, 
blow molding, thermoforming, fibre spinning and film casting [Auras, Harte and Selke, 
2004]. Generally PLA has better thermal processibility compared with other biopolymers 
such as poly(hydroxylalkanoates) (PHA) and poly(-caprolactone) (PCL) that contributed 
to the application of PLA in industrial fields such as textiles and food packaging. PLA has 
good durability in most applications. PLA is not biodegradable in its “as-extruded” state 
whilst other biodegradable polymers are able to be consumed by microbes as soon as they 
counter the polymers. PLA must first be partially hydrolyzed before it becomes 
biodegradable. This can be achieved with a relative high relative humidity at or above 98 % 
and temperature at or above 60 C as found in a large compost scale.  
PLA is considered as an eco-friendly biomaterial with excellent biocompatibility. 
However, it has some drawbacks that limit the use of PLA in certain application. PLA 
degradation is very slow through the hydrolysis of backbones ester groups. This 
degradation is dependent on the PLA crystallinity, molecular weight, molecular weight 
distribution, morphology, water diffusion into PLA and the stereo-isomeric content 
[Jonarkar, Metters and Hirt, 2004]. For some cases, a slow degradation rate of PLA leads 
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to a long in vivo life-time. It was reported that PLA-base implants required almost three 
years for bio-removal of the implantation [Bergsm et al., 1995; Incardona, Fambri and 
Magliasi, 1996].  
PLA is a brittle polymer with less than 10 % of elongation at break [Rasal and Hirt, 2008], 
making it unsuitable for demanding mechanical performance applications unless suitably 
modified. The tensile strength and elastic modulus of PLA is comparable to PET, 
however the poor toughness of PLA limits the use of it in certain applications that require 
plastic deformation at higher stress level such as screws and fracture fixation plates 
[Grijpma et al., 1992]. In large-scale commercial applications, numerous approaches such 
as plasticization block copolymerization, blending with tough polymers and rubber 
toughening have been adopted to improve the toughness of brittle polylactide bioplastic. 
However, the major drawbacks of these methods are the substantial decreases in strength 
and modulus of the toughened polylactide.  
PLA is chemically inert with no reactive side-chain groups that make the surface and bulk 
modification of PLA a challenging task. Another challenging task is PLA is relatively 
hydrophobic. PLA is relatively hydrophobic and could elicit an inflammatory response 
from the tissues of a living host due to low affinity with cells if it used as a tissue 
engineering material.  
Technically, bio-based polymers have difficulty in achieving mechanical and barrier 
properties comparable with conventional synthetic polymers. A barrier to effective 
commercialization of bio-based polyesters is the inferior moisture barrier properties 
compared with synthetic polymers. The management of moisture penetration and 
hydrolytic degradation of PLA during the manufacturing, shipping, storage and end-use of 
PLA products is important [Cairncross et al., 2006]. Other limitations of PLA in industrial 
application is poor thermal resistance and limited gas barrier properties that prevent its 
complete access to industrial sectors such as packaging [Sinha et al., 2003].  
2.3 Modifications of PLA  
Mechanical properties of commercially available PLA films and packages were found to 
be better than PS and comparable with PET [Auras, Harte and Selke, 2004]. However, 
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PLA has been modified to improve toughness and degradation rate. Bulk modification 
through chemical and physical methods such as stereochemical and processing 
manipulation, copolymerization and blending with other polymer have been widely 
employed to improve mechanical properties, degradation behaviour, processability and 
crystallization of PLA [Rasal, Janorkar and Hirt, 2010].   
2.3.1 Stereochemical and Processing Manipulation  
Drumright, Gruber and Henton [2000] reported that the stereochemical composition of 
PLA has an effect upon melting temperature, crystallization rate and the mechanical 
properties. An equilibrium crystalline melting temperature of pure poly(D-lactide) or 
poly(L-lactide) was predicted to be around 207 C [Gilding and Reed, 1979]. However, 
typical PLA melting temperatures were found around 170-180 C because of small and 
imperfect crystallites, slight racemization and impurities [Garlotta, 2001]. Enhancement 
of tensile strength and higher melting temperature at 230 C  was observed in a mixture of 
1:1 of pure poly(L-lactide) and poly(D-lactide) [Ikada et al., 1987; Tsuji et al., 1991; 
Garlotta, 2001].  
Various processing methods have been applied to control orientation and bulk properties 
of PLA without altering the PLA chemistry or inclusion of additives. Amorphous PLA 
prepared by injection moulding was found to be improved in tensile strength, break stress 
and notched Izod impact strength upon drawing [Grijpma et al., 2002]. Bigg [2005] 
reported that PLA with different ratios of L-lactide to D,L-lactide upon biaxial orientation 
had a substantial increased elongation and stress at break. A processing manipulation of 
80:20 of L-lactide to D,L-lactide increased the elongation at break from 5.7 % to 18.2 % 
and the tensile strength improved from 51.7 to 84.1 MPa upon biaxial orientation at 85 C. 
2.3.2 Copolymerization  
Copolymerized of PLA with a wide range of polyesters (Figure 2.5) and other monomers 
was reported in many articles. The carboxyl and hydroxyl groups of lactic acid make PLA 
possible to copolymerize with other monomers through polycondensation with lactone-
type monomers such as -caprolactone that generally produce low molecular weight 
copolymers or through the ring opening copolymerization  (ROC) of lactide with other 
cyclic monomers to produce high molecular weight copolymers. The ROC is a common 
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approach for PLA copolymer synthesis initiated with hydroxyl groups [Tasaka, Ohya and 
Ouchi, 2001]. 
 
Figure 2.5 Common polyester repeat units of PLA-based copolymers [Sodergard and 
Stolt, 2002].  
2.3.2.1 Polycondensation copolymerization  
A key advantage for condensation copolymerization is the ability for control over polymer 
end groups. Lactic acid has been condensation copolymerized with diols or diacids in 
order to obtain copolymer with either hydroxyl or carboxy end groups with a particular 
molecular weight. Hiltunen et al., [1996] reported that although polycondensation 
produces low molecular weight polymers (Mw < 10,000 g/mol), the control over the end 
groups is a valuable tool in condensation-type chemistry. The low molecular weight lactic 
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acid based prepolymers were further polymerized to produce higher molecular weight 
biodegradable polyesters. A successful research polymerized PLA by using a chain 
extender molecule (diisocyanate) to produce poly(ester-urethane) [Hiltunen, Seppala and 
Harkonen, 1997] and bis(amino-ether) to produce poly(ester-amide) [Tuominen  and 
Seppala, 2000].  
In biomedical application, L-Lactic acid and -caprolactone were copolymerized without 
any catalyst to produce low molecular weight (Mw ∼6,800–8,800 g/mol) copolymers 
[Fukuzaki et al., 1990]. Results showed that the copolymers have excellent in vitro 
(enzymatic) and in vivo degradation properties. Kylma and Seppala [1997] copolymerized 
L-lactic acid and -caprolactone using stannous octoate as a catalyst, followed by 
endlinking through reaction with diisocyanate to form biodegradable thermoplastic 
elastomers.  
2.3.2.2 Ring opening copolymerization 
The polymerization mechanism can be categorized as ionic, co-ordination, or free radical 
depending on the type of catalyst system [Penczec et al., 2000; Sodergard and Stolt, 2002]. 
Grijpma and Pennings [1994a, b] copolymerized L-lactide with D-lactide, glycolide, 
-caprolactone and trimethylene carbonate using a stannous octoate (Sn(Oct)2) catalyst. 
This approach resulted in controlled degradation, thermal and mechanical properties. 
Glycolide, L-lactide and -caprolactone were copolymerized using a similar ROC 
approach for a wide range of compositions with variable in vitro degradation rates. The 
resulting copolymers (PGLC) were found to present an amorphous structure. PGLC with 
a composition (10:10:80 molar ratio) was found to have the slowest degradation rate. 
Copolymerized lactide with other biodegradable and renewably derived thermoplastic 
polyester, poly(hydroxyalkanoate) (PHA) found that the copolymer had a lower complex 
viscosity compared with neat PLA. The storage and loss moduli of the copolymer 
underwent less change with frequency (0.1–100 rad/s) compared with neat PLA. 
Polylactide-polyisoprene-polylactide thermoplastic elastomers were synthesized with 
various compositions [Frick et al., 2003]. It was reported that the copolymer exhibited 
useful elongation and elastomeric properties. 
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Block copolymers are composed of long sequences of the same monomer unit that are 
covalently bound to sequences of a different type and they can be connected in a variety 
of ways. PLA has been copolymerized extensively with poly(ethylene glycol) (PEG) due 
to its biocompatibility and hydrophilicity. Diblock PLA-PEG copolymers and triblock 
PLA-PEG-PLA copolymers were synthesized to increase hydrophilicity and mechanical 
properties of the copolymers of predetermined block length [Wang et al., 2005].  PLA and 
PEG were found to undergo phase separation leading to poor mechanical properties of the 
copolymers [Lee et al., 2002; Wang, Cui and Bei, 2005]. PLA-PEG copolymers were 
produced by copolycondensation of PLA-diols and PEG-diacids to improve the 
compatibility between PLA and PEG by using carbodiimide-based wet chemistry. In was 
reported that the resultant copolymer did not show any phase separation with improved 
mechanical properties [Luo et al., 2002]. Star- and dendrimer-like PLA–PEG copolymers 
have been synthesized to lower the Tg, Tm and crystallinity [Li and Kissel, 1998]. Other 
researchers investigated a series of diblock and triblock copolymers formed by ROC of 
L,D-lactide from mono- and dihydroxyl PEG, using zinc metal as a catalyst under vacuum 
[Li and Vert, 2003].  
2.3.3 PLA Blends 
Blending of PLA with plasticizers and other polymers is a practical strategy to impart 
flexibility and toughness without synthesizing a new polymer. 
2.3.3.1 Plasticizers  
A wide range of plasticizers have been used to alter the Tg, increase ductility and improve 
processibility [Mascia and Xanthos, 1992], that can be achieved by manipulating any of 
the plasticizer properties such as molecular weight, polarity and end groups. Among 
effective plasticizers of PLA, lactide is a natural choice. Research showed that lactide 
provided a significant increase in elongation at break [Sinclair, 1996] however the PLA 
underwent stiffening with time due to low molecular weight lactide migration toward the 
surface [Jacobsen and Fritz, 1999]. Oligomeric plasticizers that would not tend to migrate 
toward the surface because of relatively higher molecular weight have been utilized. 
Various plasticizers such as glycerol, citrate esters, PEG, PEG monolaurate, and 
oligomeric lactic acid were used for PLA [Martin and Avérous, 2001]. Results found that 
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oligomeric lactic acid and low molecular weight PEG (Mw∼400 g/mol) gave the best 
results whilst glycerol was identified as the least efficient plasticizer.  
Citrate esters, derived from naturally occurring citric acid, were found to be miscible with 
PLA at all compositions and improved the elongation at break with considerable loss of 
tensile yield strength [Labrecque et al., 1997]. Another research plasticized PLA using 
triacetin and tributyl citrate and successfully reduced Tg to ∼ 10 C [Ljungberg and 
Wesslén, 2002]. Triacetin and tributyl citrate were found to be effective plasticizers for 
PLA. Acetyl tri-n-butyl citrate and PEG with different molecular weights 
(Mw ∼ 400-10,000 g/mol) were used to plasticize PLA and research found that acetyl tri-
n-butyl citrate was miscible with PLA to a limit of 50 %·w/w whilst PEG miscibility 
decreased with increasing PEG molecular weight [Baiardo et al., 2003]. It was reported 
that a significant increase in elongation at break at the expense of tensile modulus and 
strength was observed. Apart from plasticizer molecular weight and polarity, the effect of 
plasticizer end groups might significantly affect PLA bulk properties and this has been 
investigated. PLA was plasticized with PEG (Mw ∼ 400–750 g/mol) having hydroxyl and 
ether end groups. The thermal and mechanical properties were significantly dependent on 
PEG composition, whilst the PEG end groups had little effect [Kulinski and Piorkowska, 
2005]. Similar research on PLA plasticized with PEG found that the PEG end groups 
(hydroxy and methoxy) influenced miscibility and PLA crystallization behavior [Lai, Liau 
and Lin, 2004]. Pillin, Montrelay and Grohens [2006] reported that PEG was found as the 
most efficient for Tg reduction in comparison with poly(1,3-butanediol), dibutyl sebacate, 
and acetyl glycerol monolaurate. A significant improvement in elastic properties was 
found with PLA plasticized with low molecular weight triacetin and oligomeric poly(1,3-
butylene glycol adipate) [Ren, Dong and Yang, 2006]. In a different study, high molecular 
weight PEG (Mn ∼20,000 g/mol), PEG-PLA blends cast from chloroform solution 
(40 %·w/w PEG) were found to be ductile [Kim et al., 2001]. However research on melt 
processed PLA-PEG blends (PEG Mn ∼20,000 g/mol) found that PEG were miscible with 
PLA, reduced tensile strength for concentrations up to 50 %·w/w PEG and improved the 
ductility. It was reported that high concentration of PEG (above 50 %·w/w) increased the 
modulus but reduced ductility [Sheth et al., 1997].  
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2.3.3.2 PLA blends with other polymers  
PLA has been extensively blended with biodegradable polymers due to biodegradable 
polymers offering property improvements without compromising biodegradability. As an 
example, PHA is a bacterially produced family of biodegradable aliphatic homo or 
copolyesters with more than 150 different types consisting of different monomers 
[Steinbuchel and Lutke-Everslosh, 2003]. Poly(3-hydroxybutyrate) (PHB) and its 
copolymers with 3-hydroxyvalerate (PHBHV), 3-hydroxyhexanoate (PHBHHx), and 
3-hydroxyoctanoate (PHBHO) units are the most widely used PHAs [Doi et al., 1988; 
Noda et al., 2004]. PHB homopolymer was found to be not suitable to blend with PLA 
because of its high crystallinity that resulted in a hard and brittle material. It was reported 
that because PHB melting temperature is high (>170 °C) and close to its thermal 
degradation temperature, this made PHB processing relatively difficult. Research on 
PLA–PHBHV solvent cast blends found that the blends were incompatible and showed 
minimal elongation at break improvement [Iannace et al., 1994]. Another study found that 
PLA-PHBHO blends were immiscible and exhibited enhanced impact toughness [Takagi 
et al., 2004]. Rasal and Hirt [2009] reported that the PLA phase in PLA–PHBHHx blends 
(90 %·w/w PLA) underwent rapid physical aging, resulted in significant toughness loss 
with storage time. Similar observation was reported for PLA–starch blends, results 
showed the blends lost their toughness with physical aging [Wang, Sun and Seib, 2003].  
Another extensive study of a biodegradable PLA blend is PLA–PCL. Polycaprolactone 
(PCL) is a rubbery polymer with low Tg and it degrades by hydrolytic or enzymatic 
pathways. Properties of PLA–PCL blends were successfully modified through the blend 
composition to improve the modulus, strain at break and ultimate tensile strength of the 
blends. PLA with 40 %·w/w PCL content increased strain at break, however the 
improvement was not significant and was accompanied with significant modulus and 
tensile strength loss [Broz et al., 2003]. Another study found that addition of a small 
amount of surfactant (copolymer of ethylene oxide and propylene oxide) did not offer any 
significant strain at break improvement for PLA–PCL blends [Chen et al., 2003]. A 
similar study reported that addition of a small amount of PLA–PCL–PLA triblock 
copolymer (∼4 %·w/w) to PLA–PCL (70:30 w/w) blends improved the dispersion of PCL 
in PLA and enhanced the ductility of the blend [Maglio et al., 1999]. The same result 
reported for two different poly(L-lactides) blended with PCL to modify the mechanical 
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properties of PLLA with (80 %·w/w PLA), prepared through reactive blending in order to 
induce better interaction between PLA and PCL components. Results found that these 
blends exhibited better miscibility and greater elongation at break than PLA–PCL blends. 
PLA-PCL blends improved the processability of PLLA [Hiljanen-Vainio et al., 1996]. 
Research on PLA–PCL blends, after cross-linking induced by dicumyl peroxide, observed 
that the strain at break and impact strength improved without significantly affecting 
tensile modulus and tensile stress at break. The elongation at break increased from 10 % 
for neat PLA to about 150 % for injection molded PLA–PCL (70:30 w/w) blends 
compatibilized with 0.2 and 0.3 phr (parts per hundred) DCP. The tensile modulus 
decreased for both neat PLA the compatibilized blend [Semba et al. 2006]. PLA–PCL 
blends were compatibilized through a trans-esterification reaction [Wang et al., 1998]. 
Results showed that the compatibilized blends were more ductile than physical blends 
with a faster enzymatic degradation rate and with increased elongation at break to 120 %. 
The biodegradable thermoplastic, poly(butylene adipate-co-terephthalate) (PBAT) was 
blended with PLA with to improve processibility and toughness of PLA [Jiang, Wolcott 
and Zhang., 2006].  
Other than biodegradable polymers, PLA was widely blended with non-biodegradable 
polymers. PLA was blended with low density poly(ethylene) (LDPE) to improve the 
toughness [Wang and Hillmyer, 2001; Anderson, Lim and Hillmyer, 2003]. 
PLA-poly(vinyl acetate) (PVAc) blends were found to be miscible, exhibit improved 
tensile strength between 5 and 30 %·w/w PVAc and increased the elongation at break 
with 5 %·w/w PVAc [Gajria et al., 1996]. Zhang et al. [2003] investigated the 
crystallization and phase behaviour of poly(methyl methacrylate) 
(PMMA)-poly(D,L-lactide) blends and discovered that blends prepared by a solution–
precipitation method were miscible, whilst those prepared by solution casting were 
partially miscible due to crystallization of poly(D,L-lactide) that was restricted by 
amorphous PMMA. Reddy et al., (2008) found that PLA blends with PP had a 
substantially better resistant to biodegradation and hydrolysis and improved dyeability. 
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2.3.3.3 PLA blends with organic and inorganic fillers 
The existence of organic or inorganic fillers including natural fibers is another effective 
approach to improve thermal stability and mechanical properties of PLA. PLA havs been 
reinforced with natural fibres such as cotton, hemp, kenaf, Lyocell, flax, silkworm, ramie, 
wheat straw and sugar beet pulp to improve the physical and mechanical properties of 
PLA-fibre composites [Oksman et al., 2003; Herrera-Franco and Valadez-González, 
2004; Mathew et al., 2005; Serizawa, Inoue and Iji, 2006; Shanks, Hodzic and Ridderhof, 
2006; Lu, Weng and Cao, 2006; Masirek et al., 2007; Iwatake, Nogi and Yano, 2008; 
Finkenstadt et al., 2008; Huda et al., 2008; Graupner et al., 2009; Yu, Li and Ren, 2009; 
Zhao et al., 2010; Nyambo, Mohanty and Misra, 2011]. PLA composites prepared from 
natural and modified cellulose fibres have shown that their mechanical properties scale 
were highly dependent on the mass fraction of fibres (Mathew et al., 2006). Optimization 
of natural fibre-reinforced PLA composites, in terms of mechanical and other properties, 
is critical to minimize cost, tailor their biodegradability and broaden their areas of 
application.  
Graupner et al. (2009) reported that the mechanical properties of PLA composites 
reinforced with various types of natural fibres (cotton, hemp, kenaf and Lyocell) prepared 
by compression molding improved in comparison with neat PLA. A stronger fibre-matrix 
interface that improved the mechanical properties has been found with alkali treated hemp 
fibre [Islam, Pickering and Foreman, 2010]. Composites of hemp fibre reinforced PLA 
prepared by batch mixing were investigated by Masirek [Masirek et al., 2007]. The 
mechanical properties, thermal stability and morphology of PLA-hemp composites were 
dependent upon the preparation conditions and the hemp content in the composites. 
Mechanical tests showed that PLA composites reinforced with 20 %·w/w hemp fibre 
increased the modulus of elasticity (reaching 5.2 GPa) for the composites. Other 
composites investigated by Hu and Lim [Hu and Lim, 2007] found that 40 %v/v of alkali 
treated fibre provided better adhesion, and therefore gave the best mechanical properties 
for hemp fibre reinforced PLA composites fabricated using hot compression moulding 
In medical application, PLA was blended with metal oxides, such as alumina and titania, 
to improve mechanical properties suitable for orthopedic applications [Kasuga et al., 2001; 
Hiroi et al., 2004; McManus et al., 2005] and -Ca(PO3)2 that exhibited a modulus of 
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elasticity similar to natural bone (>5 GPa) [Kasuga, Fujikawa and Abe, 1999]. PLA–clay 
solvent cast blends exhibited improved Young modulus [Ogata et al., 1997]. In a case of 
carbon-fibre reinforced PLA composites, results showed the mechanical properties 
improved on nitric acid surface treatment of the fibres [Wan et al., 2001].  
Additionally, PLA was melt blended with other inorganic fillers such as 9Al2O3·2B2O3 
and CaCO3, and it was found that these fillers enhanced of the mechanical and thermal 
properties of PLA [Uramaya, Ma and Kimura., 2003]. Research on PLA-nano-sized 
precipitated calcium carbonate (NPCC) composites and modified montmorillonite (MMT), 
found that strain at break increased from less than 5 % for neat PLA to 5.1 % at 
2.5 %·w/w NPCC content, to 13 % at 5 and 7.5 %·w/w NPCC, respectively. MMT 
showed a strain at break increase to 15.9 % at 2.5 %·w/w MMT content.  
PLA–exfoliated graphite (EG) nanocomposites results showed that the graphite 
nanoplatelets dispersed homogeneously in the PLA matrix. The thermal stability of the 
nanocomposites was improved with incremental amounts of EG to 3 %·w/w. and Young 
modulus increased corresponding with graphite content (Kim and Jeong, 2010). In 
another study PLA blends were prepared with acetylated bacterial cellulose using 
mechanical compounding. The composites showed significant increases in elastic and 
Young moduli and tensile strength (increments of 100, 40, and 25%, respectively) as 
compared with neat PLA (Tomé et al., 2011). 
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2.4 Crystallization Kinetics 
In general, crystallization kinetics for bulk crystallization polymer is given by equation 
2.1 [Yang, McCoy and Madras, 2005]. 
 
nVt
c eX
1  (2.1) 
where c = degree of crystallization and Vt = volume of crystallization.  
a) For a spherical crystals,  
 LdrrdVt
24  (2.2) 
where tr  , radius grows linear and L = number of nuclei. 
Derivation of this equation gives, 
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So, the crystallization kinetics for a spherical crystal is can be analyzed by using equation 
2.4 below, 
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b) For a sporadic nucleation,  
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3
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Here, spherical nuclei are allow to increase linearly with time, t at rate, u. The nucleation 
from ti to t will create volume increase. 
 Derivation of this equation gives, 
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 Then 
4KtVt   (2.6) 
This equation can be generalized by replacing 4 = n for the Avrami exponent, producing 
equation 2.7,  
 
n
t KtV   (2.7) 
 
Based on Avrami equation, the crystallization kinetics can be obtained with the following 
equation, 
 t
V
eX
1  
 
nKteX 1  (2.8) 
where X = degree of crystallization, n = Avrami exponent and t  = time. 
Crystallization kinetics of polymers can be obtained either by using isothermal 
crystallization or non-isothermal crystallization. Crystallization kinetics models namely 
Avrami, Ozawa and Mo models have been used to analyze the nucleation activity of 
polymer under the influence of non-additive or with inclusion of additives. Avrami and 
Ozawa models for non-isothermal crystallization that were performed in this research are 
discussed in detail in Chapter 9. 
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2.5 PLA Nucleations 
Generally, PLA nucleation and crystallization rates in homogeneous conditions are 
relatively low. PLA crystallization kinetics has been explored by many researchers by 
adding nucleation agents to enhance the nucleation density and adding plasticizer to 
improve the chain mobility. The incorporation of nucleating by physical/chemical will 
reduce the nucleation induction period and increase the number of primary nucleation 
sites.  
2.5.1 Chemical Nucleating Agents 
Chemical nucleating agents involve a nucleation process through a chemical reaction 
mechanism.  The nucleation effect of organic salt of sodium on the crystallization of 
polyester found that the sodium 2-chlorobenzoate dissolved in the polymer melt and 
reacted with ester linkages through a scission mechanism that produced sodium-
terminated ionomers. [Legras et al., 1984; Dekoninck, Legras and Mercier, 1989]. The 
overall acceleration in crystallization kinetics was associated with a decrease in molecular 
weight and association of ionic end groups into the cluster. Sodium salts [Li and Huneault, 
2007] and sodium benzoate [Penco et al., 2011] were explored for nucleation of PLA 
crystallization however they were found  to not significantly improve the crystallization 
rate of PLA because of extensive chain scission. 
2.5.2 Inorganic Mineral Nucleating Agents 
Inorganic fillers such as montmorillonite clay, silica, carbon black and talc have been 
widely used as nucleation agents for PLA [Kolstad, 1996; Ogata et al.,1997; Lei et al., 
2005; Li and Huneault, 2007; Wang et al., 2008; Zhijun et al., 2009; Ansari, Ismail and 
Zein, 2009; Wen et al., 2009; Su et al., 2009; Shi et al., 2010; Li et al., 2010; Fukushima 
et al., 2011; Xin et al., 2011; Liu et al., 2013]. Clay has been employed as a nucleation 
agent to enhance thermal, mechanical properties and barrier properties of PLA. The 
presence of clay was qualitatively observed to give a narrowing of cold crystallization 
peaks in DSC [Ogata et al., 1997]. Another study reported that the crystallization rate was 
increased by around 50 % in presence of 4 % organically modified montmorillonite [Nam, 
Sinha and Okamoto, 2003]. Four different organo-modified clays were investigated in-
term of the effect of clay exfoliation on crystallization of PLA. Research found that the 
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crystallinity and nucleation density of intercalated and flocculated clay were greater than 
nearly exfoliated clay.  
The presence of 6 % talc in PLA was found to increase the nucleation density that lead to 
a seven-fold reduction in crystallization half time, t½, at optimum crystallization 
temperature [Kolstad, 1996]. A reduction of 35 fold in t½ was reported for 1 % talc [Li and 
Huneault, 2007]. Research on modified carbon black found that a uniform dispersion of 
carbon black in PLA had impacted on the crystallization behaviour of PLA composites 
[Su et al., 2009]. Modified carbon black acted as a nucleating agent in the composites 
hence accelerating the crystallization of PLA. The comparison of crystallization kinetics 
between PLA–MCB and PLA through the Lauritzen–Hoffman model indicated a 
transition from regimes II to III, appeared in PLA and PLA–MCB. The fold surface free 
energy σe of PLA–MCB composite found to be higher than that of neat PLA, implying 
that the existence of nucleating agent was unfavourable for the regular folding of the 
molecule chain, the crystal growth was slower as the chain flexibility was hindered by 
MCB. MCB had a stronger effect on surface nucleation rather than on crystal growth, 
which promoted the overall crystallization rate of PLA. 
Nanosilica has been used to enhance the properties and is considered as a nanometric 
filler with good reinforcing capabilities for bio-based polymers [Wen et al., 2009; 
Papageorgiou et al., 2010; Fukushima et al., 2011; Zhang et al., 2012]. Thermomechanical 
properties of PLA-silica prepared by melt blending showed that the tensile modulus and 
strength of the composites was enhanced by incorporation of nanoparticles. The silica 
nanoparticles were uniformly distributed in the PLA matrix for filler contents below 
5.0 %·w/w, whereas some aggregates were detected with further increase in filler 
concentration [Wen et al., 2009]. Another study reported that a uniform dispersion of 
silica in PLA was achieved by melt blending for filler contents below 5.0 %·w/w with 
addition of a high surface area (200 m
2g-1) silica. The thermomechanical properties of the 
nano-composites improved because of the degree of dispersion and polymer-filler 
interaction [Fukushima et al., 2011]. Zhang et al., [2012] reported that nanosilica had an 
effect on nucleation and crystal growth of PLA that promoted the nucleation. The 
presence of nanosilica in PLA composites acted as heterogeneous nucleation agent 
[Papageorgiou et al., 2010].   
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2.5.3 Organic Nucleants  
Organic materials were found to be potential materials to physically nucleate the 
crystallization of PLA. Typically, addition of low molecular weight substances will 
provide organic nucleation sites and cause more rapid crystallization. Li and Huneault 
[2007] investigated the effect of nucleation by adding calcium lactate, sodium stearate and 
talc as nucleating agents in PLA. Talc was found to be highly effective in nucleating 
isothermal crystallization of PLA.  
Other research investigated the nucleating ability of hydrazide compounds with talc, such 
as N,N-ethylenebis(12-hydroxystearamide) (EBHSA) and PLLA (99.4 % optical purity) 
[Kawamoto et al., 2007]. Nucleation behavior for a completely melted PLA containing 
1 % nucleating agent was studied at a rate of 20 Kmin-1. Efficient PLA crystallization 
was observed with selected hydrazide compounds upon cooling with enthalpy of 
crystallization reaching 46 J·g
-1
. A lower enthalpy was observed for talc and EBHSA that 
was 26 and 35 J·g
-1
, respectively. Results showed that the crystallization peak was higher 
with the hydrazide present, 131 C compared with 102 and 110 C using talc and EBHSA.  
The nucleating ability of p-tert-butylcalixarene as nucleating agent for PLA was 
investigated by Wen and Xin [2010]. PLA with 1 % of p-tert-butylcalixarene revealed a 
sharp crystallization peak at 134.3 C with 5 Kmin-1 cooling rate. It was reported that the 
peak was 15 C higher than 1 % using talc and about 26 C higher than neat PLA. 
Crystallization kinetics analyzed by the Avrami model showed that the Avrami exponent 
was increased from about 3 for neat PLA to nearly 5 for nucleated PLA as a result of 
change in crystal growth from spherulite to sheaf-like morphology. 
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2.5.4 Combination of Nucleation and Plasticization  
The non-isothermal crystallization of PLA revealed that the combination of nucleant and 
plasticizer developed significant crystallinity even at high cooling rates [Li and Huneault, 
2007]. The PLA chain mobility was increased with the pressence of acetyl triethyl citrate 
and PEG as plasticizers. Li et al. [2010] investigated the non-isothermal crystallization 
kinetics of PLA in the presence of talc with PEG as plasticizer prepared by directly 
mixing within a Haake mixing chamber. Combinations of talc and PEG in PLA 
formulations provided a synergistic effect, with the more effective result observed at 
higher concentrations of PEG. DSC results provided evidence that the addition of talc and 
PEG in PLA had a synergistic effect on accelerating the crystallization rate. Talc and PEG 
effected the spherulite size and density, respectively. The t1/2 at each cooling rate showed 
that t1/2 of PLA–talc and PLA–PEG were lower than that of neat PLA indicating that the 
crystallization rates of PLA–talc and PLA–PEG were higher than that of neat PLA. The 
addition of PEG into PLA–talc further increased the crystallization rate of PLA, 
demonstrating that combining talc and PEG has a synergistic effect on improving PLA 
crystallization, due to the enhanced chain mobility and nucleating ability. 
Other research showed that a uniform dispersion of nucleant at low content of plasticizer 
such as PEG [Pluta and Galeski, 2002], acetyl tributyl citrate [Wang et al., 2008], 
poly(1,3-butylene adipate) [Wang et al., 2008; Zhijun et al,. 2009], sorbitol and glycerol 
[Finkenstadt et al., 2008] and glycerol monostearate [Ge et al., 2013] improved the 
interaction between PLA matrix and nanoparticles. Uniform dispersion of nucleant in the 
composites reduced the size of nanoparticle aggregates, hence improving deformation of 
plasticized PLA composites and increasing the elongation at break. High plasticizer 
contents however caused lowering of tensile strength.  
 
  
       CHAPTER 3 
Materials and Characterization Techniques 
3.1 Introduction 
This chapter provides detail of materials and methods used in this research. Several 
characterization techniques were employed throughout this research. The extensively 
conducted measurements are provided in this chapter. Techniques that are used for 
specific parts of the investigation are reported in each particular chapter. The 
characterization aimed to obtain information of mechanical properties, thermal stability, 
crystalline structure, microstructure and surface morphology of modified PLA and 
composites. Hence, the following techniques, dynamic mechanical analysis (DMA), 
thermogravimetry (TGA), differential scanning calorimetry (DSC), wide angle X-ray 
scattering (WAXS) and scanning electron microscopy (SEM) are employed.  
3.2 Materials 
Two types of PLA were used in this research. PLA non-woven fibre was used in 
self-reinforced PLA, and PLA granules 2002D were used in reinforcements of PLA with 
natural fibres and nanoparticles. 
3.2.1 PLA Non-woven Fibre 
PLA fibres used in the initial project was obtained from (Far Eastern Textile Ltd, Taiwan), 
and formed into a non-woven mat by needle punching (Nylex Melded Fabrics Pty Ltd), as 
displayed in Figure 3.1.  
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Figure 3.1 PLA non-woven fibres.  
3.2.2 PLA Granules 
PLA polymer 2002D, extrusion grade used in this research was obtained in pellet form 
from NatureWorks Co., Minnetonka, USA as shown in Figure 3.2. The mechanical 
properties of the PLA 2002D are listed in Table 3.1. PLA polymer 2002D is a 
thermoplastic resin derived from annually renewable resources. A moisture content of less 
than 0.025 % (250 ppm) is recommended by NatureWorks to prevent viscosity 
degradation and typical drying conditions for crystal granules are 2 h at 90 C. 
    
Figure 3.2 PLA 2002D in pellet form. 
 
 
 
 
Fibre B Fibre A 
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Table 3.1 Properties of poly(lactic acid) polymer 2002D. 
Mechanical properties PLA 2002D ASTM Method 
Tensile strength 
Tensile yield strength 
Tensile modulus 
Tensile elongation 
53.0 GPa 
60.0 MPa 
3.5 GPa 
6.0 % 
D882 
D882 
D882 
D882 
3.3 Methodology 
3.3.1 Hot Compaction  
PLA non-woven composites were prepared using a hot compaction method, with an IDM 
hydraulic press (Figure 3.3). The compaction temperature was monitored by a 
thermocouple probe inserted in the center of mould plate to ensure equilibrium 
temperature through the compaction time.  
 
 
Figure 3.3 IDM hydraulic press. 
A novel compaction method for preparing self-reinforced polymer composites was 
initially developed at the University of Leeds, UK to promote adhesive bonding between 
fibres [Hine and Ward, 1993]. The essence of the compaction process is to melt a fraction 
of the surface of each fibre under a comparatively low contact pressure, to apply a 
substantially higher pressure for a short time to achieve pre-eminent consolidation of the 
structure, so that on cooling the recrystallising polymer acted to bind the fibre together 
Heated Laboratory Press
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like the resin matrix in a fibre-resin composite. The main challenge of this method is the 
narrow optimum processing temperature window of only a few degrees. 
3.3.2 Film Stacking  
Reinforcement of hemp fibres and nanosilica with PLA 2002D was prepared by a film 
stacking method. Figure 3.4 displays a diagram of the film stacking method of three 
layers of hemp fibre cloth in between PLA cast film. Hemp fibre was purchased from 
Hemp Store Auckland, New Zealand. Fumed silica Cab-O-Sil M5 (200 m
2
g
-1
 average 
surface area), was purchased from Cabot Corporation USA. Chloroform (purity 99.0-
99.4 %, laboratory grade) was obtained from Merck KGaA, Darmstadt, Germany. 
 
 
Figure 3.4 Film stacking technique. 
A new route for combining the processes of hot compaction and film stacking was 
proposed to enlarge the processing temperature window in composite preparation for 
all-PET composites [Von Lacroix, Werwer and Schulte, 1998] and woven PP cloth layers 
Hine, Broome and Ward, 2005]. Film stacking process consists of heating and 
compressing a stack of alternated layers of polymers.  During the film stacking process, 
the matrix is heated and liquefied. Then it flows in the fibrous reinforcement under the 
influence of applied load in the transverse direction. Research for all-PET composites by 
film stacking of oriented tapes found that the PET tape had better thermal stability than 
PP tape, which made all-PET composites attractive for high temperature application 
while maintaining the recyclability. This is a result of interfacial bonding achieved 
through the process. 
Alternated layers of hemp 
fibres reinforcement and 
poly(lactic acid)
Load
Load
Hot Plate
Spacer
Aluminum Plate
Spacer
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3.4 Characterization Techniques  
3.4.1  Dynamic Mechanical Analysis 
Dynamic mechanical analysis (DMA) is a thermal analysis technique employed to 
characterize material properties as a function of time, temperature, frequency, stress, 
atmosphere or a combination of these parameter. Generally, DMA is effectively used to 
determine quantitatively the storage modulus, loss modulus and tan delta in a scan. Some 
DMA instruments enable shear, dynamic and complex viscosity measurements for 
specific applications. DMA is one of the most sensitive and accurate techniques to 
investigate the characterization of Tg and other transitions of composite materials in 
various forms such as solids, liquids and gels.  
Fundamentally, DMA is a technique where a small force is applied to a material in a 
cyclic manner to allow it to response to the required function (time, temperature, 
frequency, deformation and atmosphere). DMA applies an oscillatory force at a set 
frequency to the material then report the changes in material’s stiffness and damping that 
usually used to obtain modulus and tan delta information. DMA works by applying a 
sinusoidal force as displayed in Figure 3.5.  
 
Figure 3.5 Relationship of the applied sinusoidal stress to strain resulting in a phase 
shift. 
The stress applied is described as equation 3.1, a strain responds that lags the stress is 
represented by equation 3.2,  
                 3.1 
                     3.2  
Applied sinusoidal stress
Material response
Phase angle =  
Time
F
o
rc
e
Amplitude
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where   is the stress at time t,  o is the maximum stress,   is strain at time t,   o is the 
maximum strain and   is the frequency of oscillation.  
The corresponding wave will depend on the amount of viscous and elastic contribution 
that a material has in response to the applied force. The rate of this stress is determined by 
the derivative of equation 3.1 as in equation 3.3 below,   
  
                   3.3 
Hence, the dynamic mechanical properties of a material are described in term of modulus, 
E and    at time t, as expressed in equation 3.4, 
     
  
                3.4 
Since the   and   are related to the modulus E, equation 3.4 can be written as equation 3.5, 
                     3.5 
where  o is the strain at maximum stress. 
The complex modulus (E*) describes the vector sum between the storage modulus (E’) 
and loss modulus (E”) as in equation 3.6, 
                    
               
 
        3.6 
The ratio of the loss to the storage is the tan delta and is known as damping factor shown 
in equation 3.7 and the relationship is illustrated in Figure 3.6. Damping factor is a 
measure of the energy dissipation of a material. 
       
  
           3.7 
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Figure 3.6  Representation of the relationship between phase angle and modulus. 
The material is said to exhibit perfectly elastic properties if the strain is in-phase with the 
applied oscillation and a viscous material is represented by 90 out-of-phase angle. Indeed 
most materials behave in a viscoelastic manner, in which intermediate phase angle is 
recorded. 
In this research, characterization of thermomechanical properties was performed with 
modulated force thermomechanometry (mf-TM) using a Perkin-Elmer Diamond DMA in 
tensile mode at 1 Hz with 10 µm deformation, heated 30 to 190 °C at 2 K·min
-1
. Figure 
3.7 shows the Perkin-Elmer Diamond DMA in tensile mode. The deformation amplitude 
and frequency were set at 15 μm and 1 Hz, respectively. 
     
Figure 3.7  Perkin-Elmer Diamond DMA. 
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3.4.2 Thermogravimetry 
 A Perkin-Elmer Pyris 1 TGA was used to investigate the thermal stability of the PLA 
composites (Figure 3.8). The platinum-wound microfurnace is functioning as a heater and 
resistance thermometer. The furnace has a capability to detect temperature and supply 
power to heat the sample. A thermocouple is positioned close to the sample with a 
temperature precision of ± 2 °C. PLA composites of about ~ 5 mg were heated under 
nitrogen purge (20 mLmin-1) from 30 to 850 °C at 10 K·min-1 with change to air purge at 
700 °C.  A nitrogen purge is implemented through the sample chamber to achieve a stable 
thermal environment throughout the heating scan from 30 to 700 °C. The mass loss and 
its derivative were recorded as a function of temperature.  
 
Figure 3.8  Perkin-Elmer Pyris 1 TGA. 
3.4.3 Differential Scanning Calorimetry 
DSC is a thermal analysis technique that measures the amount of heat absorbed or 
released by a material in relation to a reference (change of heat capacity) as a function of 
temperature. A material of known mass is heated or cooled and the changes in its heat 
capacity are tracked as changes in the heat flow. This analysis is accurate in detection of 
material transitions like melts, glass transitions, phase changes, and curing. There are two 
type of DSC systems in common use; power compensation DSC and heat flux DSC, 
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which differ in their measuring system (Figure 3.9). In a power compensation DSC, the 
material and reference are controlled using two separate identical furnaces made of a 
platinum-iridium alloy. Each furnace contains a temperature sensor (platinum resistance 
thermometer) equipped with a heating resistor.  The same amount of heating power is 
supplied via a control circuit to both furnaces during heating of a material. This 
temperature control circuit works to ensure that the set temperature scanning program is 
identical to the average temperature of the material and reference. A different temperature 
control circuit in compensation DSC works to monitor the relative temperature of the 
material and reference. This control circuit is responsible to adjust the power supply of 
both heaters in order to have ideal thermal symmetry of both furnaces. The output of this 
control circuit is recorded and the data used to plot the DSC exotherm or endotherm. In a 
heat flux DSC, the heat is transferred through a low-resistance heat-flow path (metal disk) 
to both material and reference. The assembly is enclosed in a single furnace. The 
difference in temperature is detected by a thermocouple placed beneath the pans. The 
temperature difference is recorded, the signal then converted to heat flow by a calibration 
equation. 
 
(a) Power compensation DSC 
 
(b) Heat flux DSC 
Figure 3.9  Power compensation DSC and heat flux DSC. 
 43 
Crystallization and melting behaviour of PLA composites in this research was 
performed using Perkin-Elmer Pyris 1 DSC as displayed in Figure 3.10.  The DSC 
comprised of an insulated chamber containing two separate calorimeters (Figure 3.10b), 
which is for a sample on the left side and the reference is always kept on the right side. 
The instrument heat flow sensitivity is 0.2 W with 0.01 C of temperature precision.  
 
 
Figure 3.10 Perkin-Elmer Pyris 1 DSC. 
Perkin-Elmer Pyris 1 DSC was performed with an ice-water slurry environment and 
nitrogen gas at a flow rate of 20 mLmin-1. A continuous nitrogen flow in the DSC sensor 
chamber was needed to ensure minimal sample degradation throughout the scanning 
activity. This instrument was calibrated with indium (Tm = 156.60 C) and zinc 
(Tm = 419.47 C) according to the procedure for standard DSC with enthalpies of fusion 
28.45 and 108.37 Jg-1, respectively. Pyris DSC 1 is controlled using PyrisTM software for 
Windows, Version 3.81(2000) for data analysis. 
B 
A 
B 
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Two thermal analysis methods were used in this research to investigate the crystallization 
and melting behaviour of PLA composites. A conventional DSC method using 
non-isothermal DSC is a typical experiment for all composites. The advanced method of 
mT-DSC was used to resolve multiple melting behaviour of PLA composite. 
Non-isothermal crystallization kinetics based on non-isothermal DSC was used to study 
the crystallization kinetics of PLA composites in details. 
3.4.3.1 Non-isothermal DSC 
Crystallization and melting curves were obtained by heating about 5 mg mass of 
composite in a sealed aluminium pan. For a typical DSC experiment, a sealed composite 
and reference pan were set in the DSC cell holder then covered with platinum covers. In 
the case of non-isothermal DSC, composites were first heated to 200 C and held in the 
molten state for 3 min to remove any thermal history. The composite was then cooled at a 
controlled rate to a low temperature, usually 30 C followed by heating at the same 
controlled rate to 200 C. The second heating scan was recorded as the melting data. A 
baseline was obtained with the same thermal program and used for heat capacity 
calculations. The heat flow data from DSC scans were used to calculate the heat capacity 
in order to obtain the cold crystallization temperature (Tcc), enthalpy of crystallization 
(Hcc), melting temperature (Tm) and enthalpy of fusion (Hm) of PLA composites.  
By considering the theoretical enthalpy of completely crystalline PLA (ΔHm*) as 93.1 J/g 
[Aslan, 2000], the value of crystallinity (χc) of PLA in nanocomposites was calculated 
based on equation 3.1, 
100
*




m
ccm
c
H
HH
               (3.1) 
where ΔHm is the melting enthalpy (J/g) that was calculated from the fusion peak in the 
DSC curve, ΔHcc is the cold crystallization enthalpy of the PLA composites and ΔHm* is 
the enthalpy of completely crystalline PLA taken as 93.1 J/g. 
 3.4.3.2 Modulated-temperature DSC  
MT-DSC is a complementary technique used in extending the conventional method of 
DSC. The mT-DSC melting scans were obtained using a heat-cool modulation from 30 to 
200 C. The heat-cool program used linear segments of heating and cooling with a heating 
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rate of 6 Kmin-1 for 30 s, followed by cooling at 2 Kmin-1 for 30 s, which is an average 
heating rate of 2 Kmin-1 for 60 s. Figure 3.11 represents the mT-DSC program used in 
this research. 
 
Figure 3.11 Program of modulated-temperature DSC for PLA composites. 
The heat flow data from the mT-DSC scans were used to analyze the total heat capacity 
(Cp, total), storage heat capacity (Cp
’
), loss heat capacity (Cp
”
) and complex heat capacity 
(Cp, complex). The Tm and Hm for PLA composites were obtained from Cp, total curve 
allowing comparison with conventional DSC data. The non-reversing heat capacity (Cp, NR) 
curve was analysed from the difference between the Cp
’
 and Cp, total curve. 
3.4.3.3 Non-isothermal crystallization kinetics 
This is a specialized method in analysis of crystallization of PLA composites and 
spherulite crystals growth rate. Details discussion is provided in Chapter 9.  
3.4.4 Wide Angle X-ray Scattering  
Wide angle X-ray scattering (WAXS) experiments were performed on a Bruker NanoStar 
X-ray generator (Figure 3.12). Monochromatized Cu Kα (λ = 1.54 Å) radiation was used 
for all experiments. The generator settings were 40 kV and 35 mA. Scattered intensity 
was detected by a two-dimensional position-sensitive detector. The sample-to-detector 
distance used for WAXS was about 4.8 cm, corresponding to a diffraction angle of about 
40°.  
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The incident X-ray beam was monochromated by graphite and a set of three pinholes was 
used to obtain an inherently collimated beam, with which smearing effects inherent in 
slit-collimated wide angle X-ray cameras would be avoided. The final scattering profile 
was subtracted by the profile of the empty sample geometry (as a background) and the 
sensitivity of each pixel of the area detector. The area scattering behaviour of all PLA 
composites was radially intergrated to increase the efficiency of final result compared 
with a one-dimensional linear detector. All measurement was performed under vacuum to 
reduce background scattering.  
 
Figure 3.12 Bruker NanoStar X-ray generator. 
3.4.5 Scanning Electron Microscopy 
A scanning electron microscope (SEM) is a powerful magnification tool that utilizes the 
same basic principles as light microscopes, but using focused beams of energetic electrons 
rather than photons, to magnify an object. Figure 3.13 shows the essential components of 
SEM. In addition, SEM requires a stable power supply, vacuum system, cooling system, 
vibration-free floor and a room free of ambient magnetic and electric fields.  
Fundamentally, a beam of high-energy electrons is produced at the top of the microscope 
by an electron gun. An electron beam is focused into a fine spot less than 4 nm in 
diameter on a specimen. The beam passes through electromagnetic lenses and deflection 
coils or deflector plates, which finally focus the beam down toward the specimen. The 
deflection coils are energized (varying voltage produced by the scan generator) and create 
magnetic field that deflected the beam horizontally and vertically so that it scans in a 
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rectangular raster over the specimen surface. Once the beam hits the specimen, electrons 
and X-rays are ejected from the sample. A secondary electron with varies amplitude are 
produced and detected by a suitable detector. The signal is then simplified and gave the 
brightness of the electron beam. 
 
Figure 3.13 Schematic diagram of scanning electron microscopy [FEI company, 2008]. 
Resolution of SEM is determined by beam diameter focused on the surface of the 
specimen which is depending on properties and preparation technique of the specimen. 
Other instruments parameters such as beam intensity, accelerating voltage, scanning 
speed, working distance and angle of the specimen with relative to the detector are 
important in order to have excellent images with details structure being exposes. Finally, 
detectors collect these X-rays, backscattered electrons and secondary electrons then 
convert them into a signal as a final image that is sent to a monitor. Image is recorded and 
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stored in a digital image. In most applications, data are collected over a selected area of 
the sample surface, and a 2-dimensional image is generated. Sample areas ranging from 
approximately 1 cm to 5 microns in width can be imaged in a scanning mode using 
conventional SEM techniques with magnification ranging from 20x to approximately 
300,000x.  
SEM was used in this research to investigate surface morphology in -plane and of 
cross-section of PLA composites. Composites with average dimension of 
5.0 mm x 5.0 mm x 0.7 mm were carefully mounted parallel (surface morphology) and 
upright (cross section morphology) onto an aluminum stub using conducting 
carbon-impregnated adhesive tape. Composites were coated with a conductive gold layer 
in an SPI-Module sputter coater for 60 s. The sputtering was employed on the surface of 
PLA composites to create a conducting surface. Composites were then stored in a dust 
free environment. SEM images of PLA composites in this research were taken using three 
different instruments:  
(i) Philips XL-30 Oxford 6650 SEM with electron beam power set at 20 kV 
acceleration voltage. 
(ii) FEI Quantan 200 environmental SEM (ESEM) operating at 30 kV acceleration 
voltage under low vacuum, pressure = 0.50 Torr and spot size = 4.0. Low voltage 
SEM was used without coating samples with gold and satisfactory images were 
obtained.  
(iii) NOVA SEM set at a high voltage of 15 kV acceleration voltage, 
pressure =
 
0.75 Torr and spot size = 3.5. NOVA SEM was used to obtain a high 
resolution images at a high magnification ranging 5000x to 50 000x. 
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3.4.6 Polarized Optical Microscopy 
Crystallization of PLA in composites was observed with a Nikon LaboPhot II polarizing 
optical microscope, as displayed in Figure 3.14. This microscope was equipped with a 
polarizing filter and analyzer, objective lenses (x50, x100, x200 and x400) and 
compensated with a blue filter. Thermal treatment was performed using a FP90 Mettler 
central processor and FP90 hot stage with 1.0  0.01 C of temperature accuracy. A 
Nikon D7000 digital camera was used to capture photomicrographs of the composites. 
The camera was attached to an extension tube and images referenced to a micrometer 
scale. Crystallization images were viewed as an expanded on a screen through an attached 
Qumi HD pocket projector as an adapter to the camera.  
   
Figure 3.14 Polarized hot stage optical microscopy. 
A thin film of PLA composite (2-10 m) was placed on a glass slide and covered with a 
glass cover slip to restrict the composite from being displaced. Composites were initially 
heated on a hot stage from room temperature to 200 C at a rate of 10 Kmin-1 and held 
isothermally for five minutes before cooling. The morphological study of PLA 
composites was carried out using isothermal crystallization in a crystallization 
temperature range 100-110 C. Isothermal crystallization behavior was observed by 
holding the composites for the time required to crystallize at 100-110 C after rapid 
cooling at 20 Kmin-1 from 200 C. Spherulites was observed under crossed polarizers 
with a sensitive-tint plate aligned at maximum angle to the polarizer. Images of 
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crystallizing PLA composites were recorded throughout the crystallization activity. The 
spherulite growth rate was obtained by calculating the area of the spherulites using image 
analysis software (Image-J). 
  
CHAPTER 4 
Self-Reinforced Non-Woven Poly(lactic acid)  
4.1 Introduction 
The concept of self-reinforced polymer composites was introduced by Capiati and Porter 
(Capiati and Porter, 1975) to prepare PE composites using polymer with different melting 
temperatures. Research has been carried out on PP and PE because they are a good 
candidate for industrial needs and domestic applications, of a self-reinforced polymer or 
all-polymer composite. In all-polymer composites, both reinforcing and matrix phases are 
given by the same polymer. Moreover, in the open literature, such polymer composites in 
which the reinforcement and matrix polymers are different but belong to the same family 
of polymers also termed self-reinforced polymers. Self-reinforced polymers may compete 
with traditional composites in various application fields based on their performance or 
cost balance. With respect to their performance and ease recycling, self-reinforced 
polymer materials can be considered to be environmentally benign materials. The concept 
used to produce self-reinforced polymer can be adapted to biodegradable polymers such 
as PLA to improve their properties.  
This method was developed (Hine et al., 1993; Rasburn et al.,1995; Ward and Hine, 1997) 
and the potential of converting highly oriented fibers and tapes into single polymer 
composites by a process termed ‘hot compaction’ explored. A hot compaction method to 
prepare all-polymer composites is one possibility to improve the thermal stability of 
polymer matrix (Rasburn et al.,1995; Zhang and Peijs, 2010; Hine, Olley and Ward, 
2008). There are a number of successful techniques to prepare all-PP, all-PE and all-PET 
with a hot compaction method. A compaction method for preparing self-reinforced 
polymer composites was developed to promote adhesive bonding between fibres (He and 
Porter, 1988; Rasburn et al.,1995; Ward and Hine, 1997; Ward and Hine, 2004). 
Following an initial study on all-PE composites, this hot compaction technique was 
successfully applied to all-PET composites (Rasburn et al.,1995; Von Lacroix, Werwer 
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and Schulte, 1998; Hine and Ward, 2003; Zhang and Peijs, 2010; Hine, Ward and Teckoe, 
1998] and PP fibres (Abo El-Maaty et al., 1996; Teckoe et al., 1999; Hine et al., 2003; 
Jordan et al., 2003; Hine, Broome and Ward, 2005; Hine, Olley and Ward, 2008; 
Houshyar and Shanks, 2010). The technique requires careful temperature control during 
processing, since underheating will lead to insufficient wetting and interfacial adhesion, 
while overheating will destroy the properties of the oriented fibres(Ward and Hine, 2004; 
George, Sreekala and Thomas, 2001; Herrera-Franco and Valadez-Gonzalez, 2004; 
Bocchini et al., 2007; Liu et al., 2004; Iwatake, Nogi and Yano, 2008).   
PLA is a biopolymer that can be converted into mouldings, film and fibre. Compression 
moulding of felted (non-woven) PLA mat is used to create all-PLA composites where the 
matrix phase is formed from partially melted fibres and the reinforcement phase is the 
original PLA fibres that remain. An advantage is that the oriented high tensile strength 
fibre properties are retained, while matrix adhesion is strong because melt adhesion is 
provided by the same polymer. Composites with both phases made from the same 
polymer are easily recycled, and PLA provides biodegradability. Moulding temperature, 
time and pressure were optimised to retain fibre properties while ensuring compaction and 
adhesion. The all-PLA composite structure was confirmed using SEM, WAXS and DSC. 
Properties were evaluated with modulated force thermomechanical analysis. Optimum 
compaction and adhesion were observed with SEM and maximum mechanical properties 
(storage and loss moduli) were found when the temperature was just below PLA melting 
temperature with 10 min compression at pressure of 2.42 MPa. 
4.2 Experimental 
4.2.1 Materials  
PLA fibre was obtained (Far Eastern Textile Ltd, Taiwan), and formed into a non-woven 
mat by needle punching (Nylex Melded Fabrics Pty Ltd). 
4.2.2 Composites Preparation  
In a typical process, a square non-woven fibre mat of 15 cm x 15 cm in dimension with an 
average mass of 5.0 g was cut and dried in an oven at 60 °C for 24 h to remove moisture. 
The dried non woven fibre was then placed in a heated hydraulic press, this being pre-set 
so as to give required compaction temperature. The temperature was monitored by a 
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thermocouple probe inserted in the centre of mould plate. With the fibre mat in the press, 
a pressure of 2.42 MPa and 12.1 MPa load were used with an IDM hydraulic press at 
various compaction temperature range 5 to 20 min.  Immediately afterwards the 
composites were allow to cool at ambient temperature. The essence of the compaction 
process is to melt a fraction of the surface of each fibre under a comparatively low contact 
pressure at 2.4 MPa and 30 s at 12.1 MPa and to apply a substantially higher pressure for 
a short time to obtain consolidation of the non-woven mat. On cooling the recrystallising 
polymer bound the fibre together to form a fibre-polymer composite. The technique 
requires a careful temperature control during processing, since under-heating will lead to 
insufficient wetting and interfacial adhesion, while overheating will destroy the properties 
of the oriented PLA fibres. The temperature was increased in the region between the Tg 
and Tm from 100, 130, 150 and 170 °C. 
4.2.3 Measurement of Properties  
The characterisation aimed to measure mechanical properties, thermal stability, crystalline 
structure, microstructure and surface morphology of compacted self-reinforced PLA 
composites. 
4.2.3.1 Dynamic mechanical properties  
The mechanical properties was obtained with modulated force thermomechanometry 
(mf-TM) using a Perkin-Elmer Diamond DMA (20 x 10 x 2 mm in tensile mode at 1.0 Hz 
with 10.0 µm deformation, heated from 30.0 to 190.0 °C at 2.0 K·min
-1
). 
4.2.3.2 Melting behaviour  
Melting behavior study was carried out with DSC using a Perkin-Elmer Pyris 1 DSC 
(5.0 mg in hermetically sealed 10 µL aluminium pan heated from 30 to 200 °C 
non-isothermally at 10 K·min
-1
) 
4.2.3.3 Wide-angle X-ray scattering  
WAXS was done using a Bruker Nanostar (Ni-filtered CuKα radiation source with 
wavelength = 0.1542 nm, generated at 40 kV and 35 mA). 
4.2.3.4 Morphology of the cross-section of composites  
Cross section of the composites was carried out with ESEM, operating at 30 kV 
acceleration voltage under low vacuum, pressure = 0.50 Torr and spot size = 4.0. 
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4.3 Results and Discussion 
4.3.1 Dynamic Mechanical Properties  
Self-reinforced PLA composites were prepared by compression moulding using variation 
in time and temperature. Table 4.1 represents the mechanical property parameters 
measured at ambient temperature. The data for each of storage modulus, loss modulus and 
damping factor show considerable variation based on moulding conditions. These results 
show composites moulded over 5 to 20 min. Increasing the times from 5 min to 20 min 
resulted in improved mechanical properties. At temperatures of 170 °C and lower the 
longest time of 10 min was best. A long compaction times as long as 1 h for all 
composites were used (data is not shown in Table 4.1), however, once the optimum 
temperature range was discovered, it was found that increasing the compaction time did 
not affect the compacted material properties.  
Furthermore, it was shown that the time under high pressure need only be very short for 
successful compaction. The results show variations due to experimental error, but the 
dominant role of temperature is unequivocal. A problem with the accuracy of moulding 
time is the uncertainty due to positioning the moulding sandwich assembly in the press, 
positioning the platens with only a small holding pressure, then gradually increasing the 
pressure. During this time heat is being transmitted through the fibre material and flow 
will start to occur at a sufficiently high temperature. Thus a precise moulding time cannot 
be measured and the temperature is unlikely to reach equilibrium during the process.  
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Table 4.1 Thermomechanical properties with processing conditions of all-PLA 
composites. 
 
The temperature dependence mechanical properties data demonstrate that the composites 
have thermal resistance suitable for many applications to about 100 °C, which is 
consistent with many polymers with similar properties. Hydrolysis is a weakness that 
would limit use of the composites in water at elevated temperatures. The formation of 
all-PLA composites from non-woven fibre mats could be translated to woven fibre 
substrates. The mould could be any shape that the fibrous mats can assume so that curved, 
Sample 
storage modulus, E' 
(GPa) 
loss modulus, E" 
(GPa) tan  
    
Unheated 0.20 0.22 0.52 
Compacted at 100 °C      
C100: 5 min 0.47 0.36 0.75 
C100: 10 min 0.50 0.42 0.85 
C100: 15 min 0.49 0.33 0.67 
C100: 20 min 0.49 0.30 0.62 
Compacted at 130 °C      
C130: 5 min 1.02 0.17 0.16 
C130: 10 min 1.15 0.18 0.15 
C130: 15 min 0.57 0.34 0.63 
C130: 20 min 0.76 0.13 0.17 
Compacted at 150 °C       
C150: 5 min 0.58 0.24 0.40 
C150: 10 min 1.44 0.19 0.13 
C150: 15 min 1.12 0.19 0.17 
C150: 20 min 1.34 0.16 0.12 
Compacted at 170 °C      
C170: 5 min 2.79 0.31 0.13 
C170: 10 min 2.86 0.25 0.09 
C170: 15 min 2.60 0.22 0.09 
C170: 20 min 2.77 0.24 0.09 
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corrugated or other custom shapes to meet the requirements of designers can be readily 
made using this approach. 
Figures 4.1, 4.2 and 4.3 illustrate the mechanical properties measured under modulated 
force conditions at 10 min compaction time. The storage modulus, shown in Figure 4.1 
shows increase with moulding temperature, with an incremental step for moulding at 
170 °C. The pre-Tg storage modulus was increased by about three times the nearest other 
one moulded at 150 °C. The maximum storage modulus of about 3.0 GPa is 9.0 GPa and 
7.0 GPa lower than all-PET and all-PP composites based materials, respectively [Zhang 
and Peijs, 2010]. The decrease in storage modulus at Tg was greater for the 170 °C 
composite compared with the others, but it still had the highest value in the post-Tg range. 
 
Figure 4.1 Storage modulus of all-poly(lactic acid) composites. 
The corresponding loss modulus results are shown in Figure 4.2. The 170 °C moulded 
composite had the highest loss modulus with the largest peak at Tg. Viscoelastic flow was 
greater when the consolidation and adhesion was increased since stress could be 
transferred better between fibres. The peak temperatures of the loss modulus curves were 
much greater than the expected Tg = 50-60 °C. The onset temperatures corresponded 
better with the expected Tg. The peaks of the loss modulus curve gave Tg in the range 
100-130 °C. 
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Figure 4.2 Loss modulus of all-poly(lactic acid) composites.  
    
Figure 4.3 Damping factor, tan(δ), of all-poly(lactic acid) composites. 
This is amplified in the graphs of damping factor, tan , shown in Figure 4.3. The PLA 
fibre mat prior to moulding showed a broad damping factor peak below Tg. The 
magnitude of the damping peak and the peak value, Tg decreased with moulding 
temperature as shown in Figure 4.4. The Tg measured from the peaks of the tan  curves 
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were in the range 110-130 °C. The low damping factor over the ambient temperature 
range indicates that the composites are less brittle.  
 
Figure 4.4 Glass transition of all-PLA composites for compression moulding at the 
temperature shown.  
4.3.2 Melting Behaviour of Self-reinforced PLA  
Figure 4.5 shows DSC curves for the same composites as used for the DMA results 
shown in Figures 4.1, 4.2 and 4.3. The melting temperatures vary over a broad range from 
above Tg with onset at 90 °C to the true melting temperature within the range of 
160-170 °C. The endotherm temperatures moved to higher temperatures as the moulding 
temperature increased. This indicates a process of melting recrystallization occurring 
during moulding, with the recrystallized crystals having increased regularity. The 
endotherms were small indicating that crystallinity was low. The endotherms increased 
after moulding and with moulding temperature demonstrating that crystallinity and crystal 
regularity were increased during moulding and to a greater extent with higher moulding 
temperatures. This is advantageous though the main purpose of moulding was to fuse the 
fibres without compromising the integrity of the fibre structure. 
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Figure 4.5 DSC curves for PLA fibres and all-PLA composites after compression 
moulding at the temperatures shown. 
4.3.3 Crystalline Structure from Wide Angle X-ray Scattering  
WAXS images of self-reinforced PLA composites prepared by pressing at different 
temperatures under a load of 2.42 MPa for 10 min are shown in Figure 4.6. Comparison 
of 4.6(a) with (b) shows that pressure alone does not cause flow that can bind the fibres. 
As the temperature increased the annular diffraction patterns became better resolved as a 
result of crystalline rearrangement. No orientation (WAXS patterns are not sharp) is 
observed in the WAXS images because the fibre mats originally consisted of random 
non-woven fibres and low crystallinity of non-woven fibres mat shown by DSC. The 
temperature needed to be kept below Tm of PLA to retain the fibre structure and hence 
strength while compressing and fusing the fibres together to give adhesion and 
elimination of voids within the composite. Though the compression moulded material 
consists of only PLA it is technically a composite in that it has two phases, the fibres and 
a bonding inter-phase formed from partially melting the fibre surfaces. 
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Figure 4.6 2D WAXS images for PLA fibres and all-PLA composites after compression 
moulding at the temperatures shown. 
The WAXS patterns shown in Figure 4.6 were integrated and displayed in graphical form 
in Figure 4.7.  
 
Figure 4.7 WAXS patterns for PLA fibres and all-PLA composites after compression 
moulding at the temperatures shown. 
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All of the graphs showed the characteristic of PLA crystals with varied intensity. The 
WAXS data must be considered along with DSC data for trends to be established. The 
WAXS data does not, by itself, demonstrated that the crystallinity and crystal regularity 
were increased by the moulding temperature. 
4.3.4 Cross-section Morphology 
The microstructure of the PLA composites is revealed in the SEM images of Figure 4.8. 
The uncompacted fibres are shown in the initial entangled needle-punched non-woven 
mat. A compacted fibre mat without heating (e) did not produce any change showing that 
the PLA did not flow when pressed under 2.42 MPa for 10 min. When the fibre mat was 
pressed with increased temperature, volumes of the fibres became fused and at the highest 
temperature of 170 °C continuous regions of highly consolidated fibres were formed. 
Cross-sections of fibres were changed from circular to various shapes necessary for space 
filling. Further optimisation is required since some regions were not adequately bonded. 
Fibre bonding was better near the surfaces of the composites indicating a problem with 
transmission of heat into the fibre mass during the 10 min moulding time. Unfortunately 
longer times at 170 °C cause too much fibre melting and hence destruction into a 
continuous PLA solid, which could be achieved under other conditions because such a 
material would lose the advantages of the fibre composite. One improvement was to 
pre-heat the moulding plates used to assemble the mat as a sandwich with some 
poly(tetrafluoroethylene) release films before placing in the heated press. 
Figure 4.9 shows SEM images of the composites at higher resolution. The lack of 
adhesion at temperatures of 100, 130 and 150 °C are revealed in these images. It is only 
after heating to 170 °C that interfaces between fibres become obscured in some instances. 
Distortion of fibres is evident at each of the elevated temperatures indicating that 
consolidation occurred within the press, but that at lower temperatures the fibres separated 
when the pressure was removed. 
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Figure 4.8 ESEM images (x500) of PLA fibres and all-PLA composites after 
compression moulding at the temperatures shown. 
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Figure 4.9 ESEM images (X1000) of PLA fibres and all-PLA composites after 
compression moulding at the temperatures shown. 
The increase in melting temperature and crystallinity indicated by DSC would be 
expected to cause a decrease in damping factor discussed earlier, however these changes 
were small compared with the observed increase in adhesion between fibres. The 
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dominant role of inter-fibre adhesion and consolidation is because damping required 
dissipation of mechanical energy and this is enhanced when stress can be transferred 
between fibres that are part of a continuous mechanical system. There was no increase in 
storage or loss modulus after Tg as has been observed for PLA when crystallinity 
increases during the scan [Wong, Shanks and Hodzic, 2004]. This may only be evident 
when plasticizer is present to increase the crystallization rate relative to the scan rate of 
the instrument. 
4.4 Conclusion  
PLA is synthesised from a monomer derived from natural resources, it is readily 
biodegradable and it has properties in parallel with those of the ubiquitous PP. It is limited 
by its relatively high Tg causing brittleness and its slow crystallization giving variable 
crystallinity. PLA is used to manufacture fibres that are suitable for composite 
preparation. Compression moulding has been used to form all-PLA composites by partial 
melting and fusion of fibres in non-woven mats. Moulding required a minimum of 10 min 
heating at 170 °C under a load of 2.42 MPa. Compaction of the fibre was obtained and 
fibre cross-sections where distorted to provide close contacts. Inter-fibre adhesion was 
obtained when fibres partially melted and flowed to cause them to fuse together. PLA 
fibres were retained in the composites, though with distorted cross-sections, increased 
crystallinity and higher melting temperatures. WAXS, SEM and DSC confirmed the 
structures of composites and were used to choose suitable moulding conditions. 
Mechanical properties varied with processing conditions and lead to combinations of 
time, temperature and pressure that maximized properties. Further optimization of 
moulding conditions is required to improved consolidation and mechanical properties of 
all-PLA composites.  
 
 
 
CHAPTER 5 
Optimization of Self-Reinforced Non-Woven PLA  
5.1 Introduction 
In initial experiments of self-reinforced or all-PLA composites discussed in Chapter 4, the 
processing temperature of all-PLA composites was set at 100, 130, 150 and 170 °C. 
Mechanical properties showed that the composites produced were still relatively weak 
after these low compaction temperatures. It was found that the processing temperature 
played a profound role in affecting the fiber-matrix bonding. The interfacial morphology 
was found to significantly affect the interfacial bonding quality. The testing results further 
indicated that high bonding temperature with an appropriate holding time promoted 
interfacial bonding of the PLA composites. Although the hot compaction method is an 
attractive method for preparation of all-polymer composites, its main challenge is the 
narrow optimum processing temperature window of only a few degree.  
In this study, all-PLA composites were prepared with the same method as discussed in 
Chapter 4. The compaction temperature range 172 °C to 180 °C has been selected to 
further investigate the mechanical and physical properties of all-PLA composites within 
this small melting temperature window. The moulding plate was pre-heated at the 
required compaction temperature to improve physical and mechanical properties of the 
all-PLA composites. 
5.2 Experimental 
5.2.1 Materials  
PLA fibre was obtained (Far Eastern Textile Ltd, Taiwan), and formed into a non-woven 
mat by needle punching (Nylex Melded Fabrics Pty Ltd). 
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5.2.2 Composites Preparation 
Compaction required a minimum of 10 min heating within the temperature range 172 to 
180 °C under a compression pressure of 2.4 MPa, then 30 s at 12.1 MPa, were used with 
an IDM hydraulic press. 
5.2.3 Measurement of Properties 
5.2.3.1 Crystallization and melting behaviour 
Crystallization and melting behaviour of the neat PLA fibre and the compacted materials 
was carried out using a Perkin-Elmer Pyris 1 DSC, in nitrogen atmosphere (5.0 mg in 
hermetically sealed 10 µL aluminium pans heated from 30 to 200 °C at 10 Kmin-1). 
5.2.3.2 Dynamic mechanical properties  
Modulated force thermomechanometry (mf-TM) using a Perkin-Elmer Diamond DMA 
(20 x 10 x 2 mm in tensile mode at 1 Hz with 10 µm deformation, heated 30 to 190 °C at 
2.0 Kmin-1). 
5.2.3.3 Wide-angle X-ray scattering 
WAXS was performed using a Bruker Nanostar (Ni-filtered CuKα radiation source with 
0.1542 nm wavelength X-rays, generated at 40 kV and 35 mA). 
5.2.3.4 Morphology of the cross-section of composites  
Cross section of the composites was carried out with ESEM operating at 30 kV 
acceleration voltage under low vacuum, pressure = 0.50 Torr and spot size = 4.0. Low 
voltage SEM was used without coating samples with gold and satisfactory images were 
obtained. 
5.3 Results and Discussion 
5.3.1 Melting Behaviour of all-PLA Composites within the Melting Temperature 
Window 
A suitable range of compaction temperature was assessed from the melting endotherm of 
original PLA fibre and previous works, determined by DSC. Generally a temperature 
within melting range was selected. There are two signals in the heating step, which 
represent sheath and core polyester phases, respectively shown in Figure 5.1. The broad 
67 
endotherm signal for original PLA fibre has a peak at 144 C and the sharp signal has a 
peak at 159 C, which indicate multiple melting peaks for PLA. The temperature window 
of about 15 C exists between the endothermic peaks of the two polyester phases can be 
exploited for the processing of all-PLA composites. For optimum final mechanical 
properties, a balance between the transverse flexural strength and the loss of axial 
stiffness and strength in the fibres can be achieved by melting the PLA fibres at a 
temperature close to the PLA melting temperature. The initial fibres have been melted 
~10 %, close to that required to fill gaps in a close packed hexagonal arrangement of 
cylinders, which is ))32/(1(  = 9.3, and the density of the compacted material is close to 
that of the original fibre. 
 
Figure 5.1 DSC melting endotherm for original non-woven PLA compared with all-PLA 
composites compacted at 172 C. 
Figure 5.2 represent DSC melting endotherms for original PLA fibres compared with 
all-PLA composites compacted at 172 to 180 C. The peak melting temperature of 
all-PLA composites increases through the range of compaction temperatures. The melting 
peak for both sheath and core phases in all-PLA composites are shifted to higher 
temperature at compaction temperatures ranging from 172 to 174 C. This is between the 
peak melting endotherm for the sheath thermoplastic copolyester and the onset of melting 
endotherm for the polyester core.  
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Figure 5.2 DSC melting endotherm for original PLA fibre compared with all-PLA 
composites compacted at 172 to 180 C. 
These results can be explained by the Gibbs free energy theory for constrained fibres, 
with the Tm given by SHTm  / , where S is determined by the conformation 
possibilities of molecular chain. Therefore, a reduction of gain in entropy (S) results in 
an upward shift in Tm [Barkoula et al., 2005]. As expected, with increasing the 
compaction temperature, the endotherm peak signal for the sheath polymer decreased, 
while the peak for the core polymer increased. This result is in good agreement with the 
fact that the crystalline structure of the sheath polymer was destroyed and more crystalline 
regions in the core polymer were formed due to recrystallization with increasing 
compaction temperature from 172 to 174 C. 
5.3.2 Dynamic Mechanical Properties of PLA Composites 
Figures 5.3, 5.4 and 5.5 illustrate the effect of temperature on the mechanical properties 
measured under modulated force conditions. The storage modulus, shown in Figure 5.3 
increased to 174 °C, with increasing compaction temperature, with an incremental step for 
compaction at 174 °C, then decreased slowly with further increase of the compaction 
temperature, due to additional partial melting of fibres. All-PLA composites posses 
superior mechanical properties with a maximum storage modulus of about 7.0 GPa at a 
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compaction temperature of 174 °C. However, an all-PET composite was found with a 
value of 13.0 GPa and and an all-PP composite exhibited 10.2 GPa of storage modulus 
[Zhang and Peijs, 2010]. 
The corresponding loss modulus results are shown in Figure 5.4. The 174 °C moulded 
composite had the highest loss modulus with the largest peak at Tg. Viscoelastic flow was 
greater when the consolidation and adhesion was increased since stress could be better 
transferred between fibres. The peak temperatures of the loss modulus curves were higher 
than the expected Tg = 50-60 °C. The onset temperatures corresponded better with the 
expected Tg. The peaks of the loss modulus curve gave Tg in the temperature range 
60-70 °C. 
 
Figure 5.3 Storage modulus of all-PLA composites within melting temperature window. 
Generally, the peak of loss factor or tan() are associated with the Tg ( relaxation) at 
lower temperature and  transition temperature T at higher temperature. Tg indicates 
mobility within the amorphous regions, whereas T represents the onset of segmental 
motion within the crystalline regions [Boyd, 1985]. Figure 5.5 indicates the tan() peak 
for all-PLA composites ( 70 °C) is 50 °C lower than all-PET composites ( 120 °C) and 
20 °C higher than that for all-PP composites ( 90 °C) [Zhang and Peijs, 2010], which is 
an indication of the weak thermal stability of all-PLA composites. 
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Figure 5.4 Loss modulus of all-PLA composites within melting temperature window. 
 
Figure 5.5 Damping factor of all-PLA composites within melting temperature window. 
5.3.3 X-ray Crystal Diffraction Patterns  
The change in fibre orientation of all-PLA composites during compaction was studied 
using X-ray scattering as shown in Figure 5.6. The WAXS patterns shown in Figure 5.6 
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were integrated and displayed in graphical form in Figure 5.7. All of the graphs showed 
similar X-ray crystal diffraction patterns. The peak intensities increased, with increasing 
compaction temperatures. The greatest intensity, seen for the hot compaction at 174 C 
compared with other temperatures indicating higher crystallinity and improved crystalline 
perfection [Zhang et al., 2008]. 
 
Figure 5.6 2D WAXS images all-PLA composites within melting temperature window. 
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Figure 5.7 WAXS patterns for all-PLA composites within melting temperature window. 
As shown in Figure 5.7, as the compaction temperature increased, the two reflections due 
to 200/110 and 203 are observed, consistent with reported diffraction peaks for PLA [Pan 
et al., 2007; Tsai et al., 2010]. For this composite, with increase of the compaction 
temperature to 178 °C, the peak position of the observed reflections shifted toward higher 
angle. WAXS pattern of the composite compacted at 180 °C suggests low crystallinity of 
the PLA. The WAXS results are in agreement with the DSC results. By reference to 
literature [Pan et al., 2007], the two dominant diffraction peaks demonstrate that only 
-form crystals are produced in this temperature range.  
5.3.4 Cross-section Morphology 
Figure 5.8 and 5.9 show a cross section of the all-PLA composites within the compaction 
temperature range 170 to 180 °C. Morphological observations show a remarkable degree 
of coherence, the junction between melted fibres and the original fibres are shown in the 
figure.  
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Figure 5.8 SEM images (x5000) of all-PLA composites at compaction temperature of 
170, 172 and 174 °C. 
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Figure 5.9 SEM images (x5000) of all-PLA composites at compaction temperature of 
176, 178 and 180 °C. 
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At low compaction temperature (170 °C), the fibres remaining were distinct and 
accompanied by voids around their surface. PLA fibres were not bonded to the matrix as 
shown at a compaction temperature of 172 °C. However, at higher (174 °C) compaction 
temperatures, junctions are completely filled with recrystallized material that has melted 
from the original fibre. These compaction temperature conditions have succeeded in 
apparently causing fibres to bind. Such behaviour is closely analogous to that found for 
hot compaction of PET [Rasburn et al.,1995]. 
Further increased compaction temperature was not efficient in retaining the fibre 
morphology while binding between fibre–matrix as shown in Figure 5.9, consequently the 
mechanical properties decreased.  
5.4 Conclusion 
Self-reinforced PLA composites were prepared by a hot compaction method with increase 
of the compaction temperature to temperatures within melting temperature range of PLA 
fibres. Research found that the hot compaction method for all-PLA composites had a 
small temperature window of about 172 to 176 °C for optimum crystallization and 
mechanical properties. The hot compaction method for all-PLA composites increased the 
crystallinity in the core polymer and reduced crystallinity in the sheath polymer, which 
was indicated by the melting temperature profiles of the compacted PLA. ESEM revealed 
that the fibres were wetted and efficiently bonded to the matrix phase at 174 °C. The 
compaction method of all-PLA suggested the temperature range between 172 to 176 °C 
was required for successful compaction.  
  
CHAPTER 6 
Melting Behaviour of Hybrid Poly(lactic acid)–hemp Nanocomposites by 
Non-isothermal DSC and Modulated-temperature DSC  
6.1 Introduction 
DSC is an explicit technique for study of melting and crystallization behaviour of 
polymers. The interpretation of DSC results needs to be performed accurately due to 
various transformations (recrystallization, annealing and perfection) occurring 
simultaneously during cooling and heating processes. MT-DSC is a complementary 
technique to conventional DSC to investigate melting behaviour of polymers. MT-DSC 
has been established as an alternative technique to conventional DSC to obtain detailed 
information on the thermal transitions of polymers. The mT-DSC uses a periodical 
temperature superimposed on a linear heating ramp, providing accurate heat capacity 
measurement for study of various thermal transitions such as glass transition, melting and 
crystallization (Amarasinghe et al., 2003). This technique has become of increased 
interest because of accurate apparent heat capacity measurement to distinguish apparent 
thermodynamic (reversing signal) and kinetic (non-reversing signal), with better 
resolution and sensitivity. MT-DSC theory and operating principles have been thoroughly 
described elsewhere [Gill, Sauerbrunn and Reading, 1993; Schawe, 1995; Schawe, 1996; 
Schawe and Hohne, 1996; Tomasi et al., 1996; Wunderlich et al., 1998; Wunderlich et al., 
1999]. Three main curves can be derived from mT-DSC scan: total heat flow or heat 
capacity curve (Cp,total, analogous to a conventional DSC curve), the in-phase curve or 
storage heat capacity (reversing or Cp’) and out-of-phase curve or loss heat capacity (Cp”) 
[Amarasinghe et al., 2003]. The non-reversing heat capacity (Cp,NR) curve can be 
calculated from the difference between the Cp’ and Cp,total curve.  
Research on biodegradable PLA composites based on natural fibres has been investigated 
for a wide range of advanced applications, from packaging to biocompatible materials. 
The incorporation of fillers such as natural fibres and inorganic fillers from various 
sources into a polymer matrix has been a well-accepted process to enhance mechanical 
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and thermal properties of PLA composites. Major drawbacks associated with the use of 
natural fibres as reinforcement in polymers include poor wetting and a very weak 
interface that commonly occurs between the fibres and most polymers used as a matrix. 
The incompatibility of natural fibres with many polymers is responsible for poor 
interfacial adhesion between fibre and matrix hence reducing the mechanical properties of 
the composites. Better interfacial bonding for natural fibre composites can be achieved 
either by fibre and matrix modification with physical/chemical treatments or by the use of 
interfacial additives. PLA has been plasticized, blended with related polymers [Graupner 
et al., 2009; Zhao et al., 2010] and used to prepare composites reinforced with natural 
fibres such as flax fibre, kenaf, silkworm, ramie, wheat straw and sugar beet pulp to 
improve the physical and mechanical properties of PLA-fibre composites [Oksman et al., 
2003; Herrera-Franco and Valadez-González, 2004; Serizawa, Inoue and Iji, 2006; 
Shanks, Hodzic and Ridderhof, 2006; Lu, Weng and Cao, 2006; Masirek et al., 2007; 
Iwatake, Nogi and Yano, 2008; Finkenstadt et al., 2008; Huda et al., 2008; Graupner et 
al., 2009; Yu et al., 2009; Zhao et al., 2010; Nyambo, Mohanty and Misra, 2011]. 
Nanofillers have been widely used to enhance physical and mechanical properties. Much 
research has been performed to alter PLA composite properties with inorganic fillers such 
as montmorillonite clay, silica, carbon black and talc as reinforcing agents [Lei et al., 
2005; Wang et al., 2008; Zhijun et al., 2009; Ansari, Ismail and Zein, 2009; Wen et al., 
2009; Su et al., 2009; Shi et al., 2010; Fukushima et al., 2011; Xin et al., 2011; Liu et al., 
2013]. Nanoparticles (silica) have been used as filler in polymer composites to enhance 
the properties and is considered as a nanometric filler with good reinforcing capabilities 
for bio-based polymers [Fukushima et al., 2011; Wen et al., 2009].  
Melting behaviour including multiple melting has been observed for many semicrystalline 
polymers [Tan et al., 2000; Kong and Hay, 2003; Yasuniwa et al., 2004; Yasuniwa et al., 
2008; Su et al., 2009; Shi et al., 2010; Lei et al., 2005; Gunaratna and Shanks, 2006; 
Gunaratna and Shanks, 2008]. The main model of double-melting behaviour is a 
melt-recrystallization model that has been explained. Yasuniwa et al. [Yasuniwa et al., 
2004] reported double melting behaviour of pure PLA during DSC heating of non-
isothermal crystallized pure PLA. They used a melt-recrystallization model to explain the 
double-melting behaviour of pure PLA. Su et al. studied the multiple melting behaviour of 
PLA filled with modified carbon black (PLA-MCB) [Su et al., 2009]. The double melting 
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behaviour of PLA-MCB composite was attributed to the melting of two populations of 
lamella, where a primary crystallization process formed the main crystals melting at 
higher temperature and a secondary crystallization produced smaller lamella melting at 
lower temperature. Double-melting behaviour of bamboo fibre–talc–PLA composites 
studied with DSC at various cooling and heating rates has been reported [Shi et al., 2010]. 
The double melting peak occurred during heating after slow cooling rates. It was 
concluded that the main melting temperature of the composites that was observed at 
higher temperature within melting temperature range increased with increase of heating 
rate.  
Except for studies on multiple melting behaviour of pure PLA, the multiple melting 
behaviour of PLA composites with natural fibres in combination of inorganic fillers has 
been less studied. In this chapter, the natural fibre (hemp) and inorganic filler (nanosilica) 
were used to prepare hybrid PLA composites. The aim was to resolve and interpret 
melting behaviour of the PLA composites using non-isothermal DSC and mT-DSC. 
6.2 Experimental 
6.2.1 Materials 
PLA (2002D, extrusion grade) was obtained in pellet form from Natureworks Co., 
Minnetonka, USA. Hemp fibre was purchased from Hemp Store Auckland, New Zealand. 
Fumed Silica Cab-O-Sil M5, was purchased from Cabot Corporation USA. Chloroform 
(purity 99.0-99.4 %, laboratory grade) was obtained from Merck KGaA, Darmstadt, 
Germany. 
6.2.2 Composites Preparation 
PLA pellet, hemp fibre and fumed silica were dried in an oven at 60 °C for 24 h to 
remove moisture. Hemp fibre composition was fixed at ratio 1:3 of hemp fibre and PLA. 
PLA pellets (30 g) were dissolved in 300 mL of chloroform for 24 h followed by stirring 
for another 5 h to obtained PLA solution. Three layered PLA-hemp (PH) was prepared 
by using a film stacking method. Initially, layered composites were obtained by solvent 
casting at room temperature. The resulting composites were further dried under vacuum 
at 50 °C for 8 h to remove residual solvent and moisture. The composites were then 
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consolidated by compression moulding at 180 °C for 10 min under a pressure of 
2.4 MPa and 30 s at 12.1 MPa. The composites were left at room temperature for about 
5 min for cooling. Composites were stored in a desicator prior to characterization. 
For PLA composites reinforced with hemp fibres and nanosilica, nanosilica with various 
concentrations of 2.5-10.0 %·w/w was dispersed by ultrasonication in the matrix PLA 
phase to enhance interfacial properties between fibres. Nanosilica particles of 8–12 nm 
exist as aggregates of about 20 particles fused together during high temperature furnace 
nebulation. The silica aggregates then form larger agglomerates that were separated by 
ultrasonication during dispersion in PLA solution in chloroform. The sonicated 
PLA-silica dispersion was added to a woven hemp fibre mat and prepared by the same 
method as PH composites. This hybrid composite was designated as PLA-hemp-silica 
(PHS) composite as shown in Table 6.1.  
Table 6.1 Identification of abbreviations for PLA-hemp composites and its 
nanocomposites. 
Composite PLA [%·w/w] Silica [%·w/w] 
PH 100.0 0.0 
PHS2.5 97.5 2.5 
PHS5.0 95.0 5.0 
PHS7.5 92.5 7.5 
PHS10.0 90.0 10.0 
6.2.3 Characterization 
Crystallization and melting behaviour of PH and PHS composites were performed using 
a Perkin-Elmer Pyris 1 DSC, calibrated with indium and zinc according to the standard 
Perkin-Elmer procedure. Crystallization and melting curves were obtained by heating 
about 5.0 mg mass of composites accurately weighed using a Mettler MX5 
microbalance into aluminium pans that were then hermetically sealed.  
Non-isothermal DSC was scanned with a heat-cool-heat program. The composites were 
heated from ambient temperature to 190 C at a heating rate of 10.0 Kmin-1, held for 
2 min to remove any thermal history, and then cooled at various scanning rates 
(2.0 Kmin-1, 5.0 Kmin-1 and 10.0 Kmin-1). After cooling, the composites were further 
  
80 
heated to 190 C again from 30 C with various scanning rates the same as to the cooling 
rates. The measurement was carried out using N2 at flow rate of 20 mLmin
-1
 as the 
purging gas. The heat flow from a second heating scan provided DSC curves that were 
used to calculate the Tcc, Hcc, Tm and Hm. 
The mT-DSC was used to interpret the melting behaviour of PLA, PH and PHS 
composites. The mT-DSC melting scans were obtained using a heat-cool modulation from 
30 to 190 C. The heat-cool program used linear segments of heating and cooling with 
heating rate of 6.0 Kmin-1 for 30 s, followed by cooling at 2.0 Kmin-1, which is an 
average heating rate of 2.0 Kmin-1. This program provided a frequency of 16.7 mHz 
(period = 60 s) with modulation amplitude of 1 C. The heat flow data from the mT-DSC 
scans were used to calculate the Cp,total, Cp
’ 
and Cp
”
. The Tm and Hm for both composites 
were obtained from Cp,total curve allowing comparison with conventional DSC data. The 
Cp,NR curve was calculated as the difference between the Cp
’ 
and Cp,total curve. The Cp,NR 
curve is a valuable curve to determine irreversible processes in polymers such as chemical 
reaction, relaxation enthalpy, cold crystallization and recrystallization throughout the 
heat-cool cycle. A baseline with matched an empty aluminium pan was recorded by using 
the same temperature program. 
6.3 Results and Discussion 
6.3.1 Cold-crystallization and Melting Endotherm of Neat PLA. 
Figure 6.1 shows non-isothermal DSC curves for PLA at a scanning rate of 10.0 Kmin-1. 
Upon first heating, PLA went through a glass transition at temperature of about 59 °C 
followed by a α′ to α-form crystal transition [Yasuniwa et al., 2004; Kawai et al., 2007; 
Pan et al., 2007; Zhang et al., 2008] and a single Tm at about 150 °C. Crystallinity of the 
as-received PLA is about 28 % based on the enthalpy of melting peak. The Tg is similar to 
that reported Tg, 55–60 °C, for an amorphous PLA. The Tg decreased to about 58 °C upon 
reheating PLA with the same scanning rate. There is no crystallization peak in the DSC 
cooling curve. The Tcc of PLA in the second heating curve was observed around 118 °C, 
with a small exothermic crystallization, implying slow crystallization of PLA. This 
behaviour is in agreement with reported slow crystallization rate of PLA, that there was 
no crystalline domain developed upon cooling [Liu et al., 2010; Kontou et al., 2011].  
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Figure 6.1 DSC curves for PLA at 10.0 Kmin-1 scanning rates. 
PLA crystallize in three crystalline form known as ,  and . The -form is the most 
common polymorph of PLA that grow under normal conditions such as crystallization 
from melt or from solution crystallization [Kawai et al., 2007]. In the -form, two chain 
with 103 helical conformation are packed into an orthorhombic unit cell with dimension of 
a=10.7 Å, b=6.45 Å and c (fibre axis) =27.8 Å. The  form of PLA crystals with a 
disorder ’-form was recently reported. PLA was found to crystallize as the -form at 
high Tc (Tc > 120 C), whilst the ’-form (disorder crystals) was found to form at low Tc 
(Tc < 90 C) [Zhang et al., 2006; Kawai et al., 2007]. This disorder crystals having the 
same 103 helical conformation as in -form but a loose packing manner was reported as 
compared to -form [Zhang et al., 2006]. The -form is obtained upon stretching the  
counterparts at high temperature and high draw ratio. According to another study, the 
-form was considered to have frustrated structure, containing three chains in a trigonal 
unit cell with a=b=10.7 Å and c=8.8 Å [Puiggali et al., 2000]. The  form is obtained via 
epitaxial crystallization on the hexamethylbenzene substrate [Cartier et al., 2000].  
The disorder-to-order (’-to -) phase transition which occurred during annealing at 
elevated temperature below melting temperature due to relaxation of the chains toward a 
more energy favourable state resulted in more compact chain packing in the crystal lattice, 
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as characterized by shifting of the 110 and 200 peak to a higher angle [Zhang et al., 2006; 
Kawai et al., 2007]. Another research found that the disorder-to-order (’-to -) transition 
was accompanies with an increase in intensity of 010 peak at around 15. Kawai et al., 
[2007] reported that when the crystallization obtained at temperature ranging 90 to 
120 C, inverse long spacing shows peculiar Tc dependence. This long spacing was 
decreased with increasing of crystallization temperature. This inverse long spacing 
changes from -form line to the ’-form with decreasing crystallization temperature. It 
was interpreted with two different models: (i) mixture model of two variant crystals 
(-form and ’-form), where the -form and ’-form coexist with a certain volume 
fraction depending on its crystallization temperature and (ii) the statically disordered 
model, where the degree of disorder in the crystal changes with temperature. It was 
reported that the disorder’-form transformed into ordered -form crystal during heating. 
This ’- transition was a solid-solid phase transition without the melting process. 
A slow scanning rate on cooling and second heating of 5.0 Kmin-1 and 2.0 Kmin-1 was 
performed to investigate the crystallization and melting behaviour of pure PLA with a 
change of scanning rate. PLA was initially heated at 10.0 Kmin-1 to remove any thermal 
history. Figures 6.2 and 6.3 display a non-isothermal DSC cooling scan and second 
heating curve for PLA at slow scanning rates of 5.0 Kmin-1 and 2.0 Kmin-1, respectively.  
 
Figure 6.2 DSC curves for PLA at 5.0 Kmin-1 scanning rates. 
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Figure 6.3 DSC curves for PLA at 2.0 Kmin-1 scanning rates. 
Three transitions indicating Tg, Tcc and double melting temperature of PLA were revealed 
on the second heating curve at slow scanning rate of 5.0 Kmin-1. Crystallization of PLA 
composites on cooling was negligible even at slow scanning rates, whereas PLA 
crystallizes on heating producing a crystalline phase, through a cold crystallization 
process, which melts with a melting peak accompanied by a shoulder at low temperature 
within melting temperature range. The slowest scanning rate of 2.0 Kmin-1 displayed 
multiple melting in the melting temperature range of PLA. 
A subsequent graph is presented to represent the Tg and melting endotherm of PLA 
obtained at various scanning rates as shown in Figure 6.4. Figure 6.4(a) shows that the Tg 
of neat PLA shifted slightly to lower temperature with the change of scanning rate. The 
melting endotherm of neat PLA was observed as a multiple melting endotherm at the 
slowest scanning rate, and it melted at a low temperature of about 154 C with higher 
melting peaks at 160 C, as shown in Figure 6.4(b). This was attributed to lamellae 
rearrangement resulted from greater mobility during the longer time provided by the slow 
scanning rate. 
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(a) 
 
(b) 
Figure 6.4 (a) Glass transition temperature of PLA at various
 
scanning rates and (b) 
Melting endotherm of PLA at various
 
scanning rates. 
This multiple melting behaviour of PLA was clarified by mT-DSC. Figure 6.5 shows the 
Cp,total, Cp
’ 
and Cp
” 
of PLA. This data is equivalent to a conventional DSC endotherm that 
can be resolved into storage component (reversing) and superimposed non-reversing 
component. A single Tg was observed at 55 C on Cp,total. The reversing component as 
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observed on the Cp’ curve isolated the Tg of an amorphous polymer, observed as a step 
change in heat capacity that exhibited the Tg at 58 C. The Tg values obtained from the Cp
’ 
inflections were slightly higher than the Cp,total and conventional DSC equivalents. This is 
due to the reversing heat capacity Tg inflections being determined from the response to the 
instantaneous heating rate of mT-DSC rather than the underlying heating rate determined 
by conventional DSC. This indicates that mT-DSC allows for better sensitivity and 
resolution of Tg than conventional DSC.  
 
Figure 6.5 Total heat capacity, storage heat capacity and loss heat capacity of mT-DSC 
curves for PLA. 
 
The Cp,total curve for PLA showed a melting peak with a shoulder that emerged from 
lower temperature. A sharp peak with a shoulder at the highest Tm (155 °C), indicating 
that melting was accompanied by recrystallization. The reversing or Cp
’ 
is broad and 
shows endothermic events at lower temperature than does the Cp,total curve. The peak 
corresponding to the lower temperature of the double or multiple peak, which is the 
reversing peak since the second peak appearing at higher temperature is likely to be 
formed during the scan and will melt irreversibly. Where the Cp
”
 is zero indicated that 
there is no structural change in this region except during the melting events with a broad 
endotherm [Gunaratna and Shanks, 2006; Gunaratna and Shanks, 2008]. 
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6.3.2 Melting Behaviour of Hybrid PLA-hemp Nanocomposites 
The non-isothermal crystallization and melting curves from second heating cycles at a 
scanning rate of 10.0 Kmin-1 for PH and PHS composites are illustrated in Figure 6.6. 
Table 6.2 displays the thermal properties of PH and PHS composites studied with 
non-isothermal DSC at a scanning rate of 10.0 Kmin-1.  
 
Figure 6.6 Non-isothermal curves of PLA-hemp and PLA-hemp-silica composites at 
scanning rate of 10.0 Kmin-1.  
 
Table 6.2 Thermal properties of PLA-hemp and PLA-hemp-silica composites. 
Composite  Tcc [°C] Hcc [J·g
-1
] Tm1 [°C] Tm2 [°C] Hm [J·g
-1
] χc [%] 
PH 116.9 4.78 152.4 159.8 5.19 0.44 
PHS2.5 122.0 4.91 154.2 160.2 5.33 0.45 
PHS5.0 122.2 6.65 155.1 160.7 8.28 1.75 
PHS7.5 124.9 6.33 155.9 160.8 7.44 1.20 
PHS10.0 120.7 6.18 153.8 158.8 7.03 0.91 
Note: The χc of PH and PHS composites was calculated using equation 3.1. 
As shown in Figure 6.6, well defined Tg, Tcc and Tm were observed in the second heating 
scan of PH and all PHS composites. The Tg of PLA composites reinforced with hemp 
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fibre (PH) was not significantly changed if compared with neat PLA (discussed in 6.3.1). 
Figure 6.7 shows Tg change in PH and PHS composites. The Tg is slightly higher in PH 
and PHS composites compared with that neat PLA (58 C), showing that the PLA 
relaxation was delayed by the existence of reinforcement/s [Mathew et al., 2006]. The 
incorporation of hemp in PLA composites increased the Tg by about 2 C as seen in PH 
and 3 C with the presence of nanosilica in combination with hemp in PLA composites 
(PHS2.5, PHS5.0 and PHS7.5). The polymer chain mobility of PLA matrix was 
influenced by introduction of nanosilica in PLA matrix ascribed to restriction of 
nanosilica in PLA composites that reduced the polymer mobility of the amorphous 
domain in PLA composites. The Tg reduction observed in PHS10.0 nanocomposites was 
attributed to a poor interphase between PLA matrix and nanofiller [Kontou et al., 2011]. 
Similar behaviour of Tg is presented with DMA results discussed in Chapter 7.  
 
Figure 6.7 Tg of PLA-hemp and PLA-hemp-silica composites at scanning rate of 
10.0 Kmin-1.  
PLA exhibited small exothermic crystallization in the heating curve because of slow 
crystallization of PLA, as discussed in section 6.3.1. PH composites show a broad 
exothermic crystallization. The Tcc of PH composites were observed at around 117 °C.  
Nanosilica showed some nucleation activity, formed some imperfect crystalline structure 
that limited the ultimate crystallinity that could be achieved during a heating scan in DSC. 
Table 6.2 shows that the addition of hemp fibre in combination with nanosilica increased 
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the Tcc of PLA composites. The addition of 2.5 %·w/w nanosilica into PLA matrix leads 
to an increase of Tcc of about 5 °C as observed for PHS2.5. The Tcc shifted to higher 
temperature as the content of nanosilica continued to increase, then decreased when more 
than 7.5 %·w/w was added. Addition of nanosilica led to crystallization during heating 
that started at higher temperature consistent with silica loading. This result can be 
explained by agglomeration of the nanosilica. When more nanosilica was added, more 
agglomerates remained or formed. The increased of Tcc indicating reduced chain mobility 
in the composites and imperfect crystals were generated.  
The Hcc is proportional to the quantity of crystallization in the PLA composites. The 
Hcc of PLA with hemp or/and silica as nucleating agent was higher than that of neat 
PLA. In general, larger aggregates contributed to the crystallization of PLA. This was 
confirmed by the gradual increase of Hcc that corresponded with an increase in filler 
content (up to 5.0 %·w/w). High enthalpy was also found during crystallization of PHS 
composites at silica loading larger than 5.0 %·w/w. This is expected because in neat PLA, 
the nucleation and growth of individual crystallites was very slow with a small number of 
crystallites being formed simultaneously, so that a small amount of heat is liberated. Upon 
addition of nanosilica, nucleation produced many smaller crystals compared with fewer 
large crystals, which offer opportunities to induce more polymer chains to crystallize, thus 
resulting in an enhancement of the crystallization process of PLA matrix. When these 
nanosilica were well dispersed in the PLA matrix, their number was large, even at a filler 
content of 2.5 %·w/w, which was enough to form nucleating sites and promote the growth 
of PLA crystals. However, high filler content of 10.0 %·w/w nanosilica highly retarded 
the chain mobility of PLA matrix. A much smaller Hcc of PHS10.0 compared with other 
PHS composites was obtained because of its highly restricted chain mobility in forming 
crystalline lamella.  
Double melting endotherms were observed for PH and all PHS composites. By 
comparison with PH composites and PLA at the same scanning rate (10 Kmin-1), the 
double melting peak of PH was more pronounced than PLA. Reinforcement of hemp fibre 
in combination with nanosilica increased the melting temperature at low temperature 
(Tm1) of PHS composites. However, nanosilica did not significantly alter the melting peak 
at higher temperature (Tm2) of PHS composites, where Tm2 was observed around 
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159-160 °C. The contribution of nanosilica altered the melting endotherms of PHS 
composites consistent with silica loading. As shown in Table 6.2, in the presence of 
nanosilica, the melting peak at lower temperature (Tm1) of PHS2.5 composites shifted 
approximately 2 °C towards higher temperature compared with Tm1 for PH composites. It 
is observed that the melting peak of Tm1 increased by about 3.5 C for nanocomposites 
containing 7.5 %·w/w nanosilica (PHS7.5). Due to effective nucleation by silica, PLA 
composites containing silica as nucleating agent have formed many small crystals during 
cooling and then melted at lower temperature in the melting temperature range of PLA. 
Nanocomposites increased the tendency for recrystallization and finally the melting 
temperature was increased as a result of crystal perfection on heating that is attributed to 
nucleation due to presence of nanofiller.  
This result is explained by a melt, recrystallization and remelting process. The low 
temperature and high temperature peaks within the melting temperature range are 
attributed to the melting of some amount of the secondary crystals and to the melting of 
crystals that formed through a melt-recrystallization process [Yasuniwa et al., 2004]. It 
was reported that the exothermic peak between the double melting was attributed to 
recrystallization. This behaviour explained the melting process through the melting of 
original crystals, recrystallization and melting of the recrystallized crystals. Other research 
has been linked this process with the existence of two different crystal structures; -form 
(pseudo-orthorhombic) melting at higher temperature and -form (orthorhombic), known 
as imperfect crystal melting at lower temperature within the melting temperature range 
[Fukushima et al., 2011]. Double melting of PLA blends were observed during slow DSC 
scanning when less perfect crystals had enough time to melt and reorganize into crystals 
with higher structural perfection that melted at higher temperature [Zhang et al., 1996]. 
PLA is a semicrystalline polymer therefore there is a possibility of double melting 
behaviour observed through DSC heating curves. As shown in DSC heating curves for 
PLA, PH and all PHS composites, the melting of the melt-crystallized started from a low 
temperature indicating that these composites contain small and imperfect crystals. The 
exothermic peak representing recrystallization was observed during the melting process of 
the composites. A similar melting behaviour of PLA was reported, in which double 
melting appeared during the heating scan and increased correspondingly with increasing 
of heating rate. The melting peak at low temperature, Tm1 was increased with increasing 
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heating rate, whereas the melting peak at high temperature, Tm2 decreased. This 
phenomenon was explained with a melt-recrystallization model [Wunderlich, 1980; 
Yasuniwa et al., 2004; Yasuniwa et al., 2005] suggesting that small and imperfect crystals 
changed successively into more stable crystals through the melt-recrystallization 
mechanism. As mentioned earlier, the Tm1 of PH and PHS composites were shifted to 
higher temperature. Tm1 of PH composites increased with the presence of nanosilica in the 
composites indicating that nanosilica successively changed the imperfect crystals in PLA 
to more stable crystals through the melt-crystallization process. 
The c of all composites at the start of scan (30 C) was calculated and results showed that 
the c of PH was higher than PLA. The onset of cold crystallization of PH was lower than 
PLA and the Tcc reduced correspondingly. This behaviour indicating that hemp fibre 
promoted crystal nucleation of PLA matrix on fibre surfaces during heating, which 
implies that hemp fibre functioned as a nucleating agent for PLA. A similar behaviour 
was observed for flax-PLA composites prepared by solution casting, where it was 
reported that flax cellulose effectively facilitated nucleation and crystallization of PLA 
[Liu et al., 2010]. Reinforcement of hemp and nanosilica in PLA composites further 
increased the c. Table 6.2 shows that c. was increased consistent with silica loading. This 
result was attributed to the nucleating activity of nanosilica in the PLA matrix. Silica 
nucleated the PLA matrix and increased the crystallinity of PLA composites. PHS10.0 
exhibited lower crystallinity that is attributed to the creation of larger agglomerates in the 
composites. Generally, at lower content of nanofiller, the polymer in nanocomposites, 
especially PLA, formed crystals much more easily because of the nucleation effect of 
nanoparticles and the crystallinity of the composites was increased. However, a high 
content of nanosilica reduced the crystallinity because larger agglomerates restricted the 
crystallization behaviour of PLA. The decreased crystallinity with increasing nanosilica 
content was reported in many other research [Sinha et al., 2003; Vladimirov et al., 2006; 
Wen et al., 2009]. 
Overall, the Tcc and melting temperature of PHS composites increased at low silica 
loading (2.5-7.5 %·w/w) and enhanced in Hcc and Hm. This DSC data agree well with a 
previous study, where similar observations have been reported [Kong and Hay, 2003]. 
The addition of low contents of nanosilica about 5.0 %·w/w to PLA prior to mixing using 
melt-blending revealed double melting behaviour at temperatures of around 150 °C and 
  
91 
Tcc at 124 °C with 1.0 % crystallinity. The decreases of Tcc, Hcc and Hm observed in 
PHS10.0 composites suggest a decrease of the extent and kinetics of crystallization of a 
PLA matrix due to highly restricted segmental motions at the organic-inorganic interface 
[Lei et al., 2005]. DSC results indicated that the incorporation of nanosilica and hemp 
fibres in PLA composites provided a positive impact on the crystallization and melting 
behaviour hence improved the mechanical properties (as discussed in Chapter 7).  
6.3.2.1 Dependence of melting endotherms on heating rate 
The dependence of melting endotherms on heating rate was performed on selected 
composites PH and PHS composites with 7.5 %·w/w filler (PHS7.5). Figure 6.8(a) 
displays the subsequent melting endotherms of PH and PHS7.5, melt-crystallized 
non-isothermally at the slow scanning rate of 5.0 Kmin-1.  A slower scanning rate of 
2.0 Kmin-1 is displayed in Figure 6.8(b) to investigate the effect of scanning rate on 
double melting peak of PH and PHS7.5 composites.  
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(b) 
Figure 6.8 Non-isothermal DSC for PH and PHS7.5 at scanning rate of (a) 5.0 Kmin-1 
and (b) 2.0 Kmin-1. 
Table 6.3 displays the cold-crystallization and melting behaviour of PH and PHS7.5 
composites. Non-isothermal cold-crystallization at 2.0 Kmin-1 of PH composite shows the 
Tcc at 96 C. The introduction of nanosilica into the PLA matrix led to an increase of Tcc 
of about 1 C. At higher scanning rate of 5.0 Kmin-1, the Tcc of PHS7.5 was shifted by 
about 5 C to higher temperature compared with PH composites. With the slowest 
scanning rate, Hcc and Hm1,2 was larger compared with the same composites studied at 
rapid scanning rate. 
Table 6.3 Cold-crystallization and melting behaviour of PH and PHS7.5 composites.  
Composite Tcc [°C] Hcc [J·g
-1
] Tm1 [°C] Tm2 [°C] Hm1,2 [J·g
-1
] 
PH 2 Kmin-1 96.3 9.36   148.1 158.1 9.86 
PHS7.5 2 Kmin-1 97.4 12.70  150.5 159.6 13.90  
PH 5 Kmin-1 101.3 7.22 147.5 157.8 7.65 
PHS7.5 5 Kmin-1 106.6 10.37 149.9 158.9 11.51 
The introduction of nanosilica led to a shift of both lower and higher melting peaks to 
higher temperature. With a slow scanning rate of 5 Kmin-1, the melting peak at low 
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temperature (Tm1) has reduced in comparison with the same composites shown in 
Figure 6.6. The remelting peak at higher temperature (Tm2) (Figure 6.7) was increased 
accordingly. As the scanning rate was changed to the slowest rate, the melting peak at 
higher temperature became sharper with more polymer before the melting peak changing 
to the remelting peak due to more polymer being able to recrystallize over the longer 
crystallization time (Figure 6.8). In addition, the onset temperature for the melting peak 
shifted slightly to higher temperature. This result indicated that at lower heating rates, the 
longer time available for the polymer chains to reorganize lead to more perfect crystals. 
Thus the positions of these peaks are expected to shift to higher temperature if they result 
from a continuous melting and recrystallization of existing crystals.  
6.3.2.2 Dependence of melting endotherms on modulated-temperature DSC  
To further substantiate the origin of double melting endotherms, another technique, 
mT-DSC was used. The heat flow curve generated from mT-DSC for PH and PHS7.5 
composite is given in Figure 6.9.  
Generally, the cooling step throughout heat-cool modulation will initiate some 
crystallization when sufficiently low temperature is reached. The unstable crystals will 
melt during the heating step of this cycle, where the polymer has another opportunity to 
crystallize (only in reversing curve of mT-DSC) into more stable crystals during the next 
cooling cycle. The temperature modulation of mT-DSC scans allows stable or perfect 
crystals to form at the end of each cycle compared with continuous heating or 
conventional DSC with limited opportunity for crystals to melt and recrystallize. The 
oscillation of heat flow curves is apparent and the temperature increased overall 
throughout the entire scan. 
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.  
(a) 
 
(b) 
Figure 6.9 Heat flow curve from mT-DSC of (a) PLA-hemp, and (b) PLA-hemp-silica 
composites with 7.5 %·w/w silica (PHS7.5). 
This heat-cool cycle throughout the modulation temperature range 30 to 190 C was used 
to investigate the melting behaviour of PH and PHS composites. Three composites PH, 
PHS2.5 and PHS7.5 were selected for detailed discussion for mT-DSC scans. The melting 
transition is interpreted and data from the mT-DSC scans was used to obtain Cp,total, Cp
’
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and Cp
”
 as shown in Figures 6.10 to 6.12. Double melting endotherms were observed for 
all composites as seen in the Cp,total curve. The Cp,total curve of an mT-DSC scan is 
analogous to a non-isothermal DSC or conventional DSC, but it is does not have the same 
effect since crystal rearrangement can occur differently during the modulated cycles. The 
Cp
’ 
curve is the in-phase component that provides the reversing heating effect within the 
time and temperature of modulation. The Cp
’
 curve shows all reversing processes within 
the modulation. The Cp
”
 curve is the out-of-phase curve that is determined by the heat 
flow from some kinetic events. It is associated with the energy dissipated during each 
cycle of heat-cool modulation.  
 
Figure 6.10 The mT-DSC curves of PLA-hemp composites (PH). 
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Figure 6.11 The mT-DSC curves of PLA-hemp composites with 2.5 %·w/w silica 
(PHS2.5). 
 
Figure 6.12 The mT-DSC curves of PLA-hemp composites with 7.5 %·w/w silica 
(PHS7.5). 
The thermal properties of PH, PHS2.5 and PHS7.5 composites from Cp,total curve of 
mT-DSC data are displayed in Table 6.4. The Tcc of PH composite is 91 C lower than 
that of continuous scanning DSC. The mT-DSC curve and data in Table 6.4 show lower 
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double melting endotherms for both PH and PHS composites compared with melting 
endotherms on continuous scanning DSC due to crystals having more time to reorganize 
into more stable structures. 
Table 6.4 Thermal properties of mT-DSC of PH and PH-S7.5 composites obtained from 
Cp,total curve of mT-DSC.  
Composite Tg [°C] Tcc [°C] Hcc [J·g
-1
] Tm1 [°C] Tm2 [°C] Hm1,2 [J·g
-1
] 
PH mT-DSC 
PHS2.5 mT-DSC  
50.5 
50.6 
91.2 
93.2 
12.1 
12.2 
144.5 
143.7 
156.1 
155.3 
12.7 
12.9 
PHS7.5 mT-DSC  50.8 92.9 12.3 143.9 155.9 13.6 
The mT-DSC technique provided a higher crystallinity than continuous heating, with 
formation of small crystals. Some of the crystals had a tendency to reorganize into more 
stable structures during a heating scan which was observed in Cp,total and Cp
’
 curves 
(Figure 6.10). A large exothermic peak was observed in the Cp,total the indicating hemp 
fibre facilitated crystallization on heating (cold-crystallization) in PLA composites. A 
very small cold-crystallization peak of PLA is shown in the Cp,total curve of mT-DSC of 
neat PLA as shown in Figure 6.5. The cold-crystallization observed in PH composites 
caused the existence of the second melting peak for PH and PHS composites during the 
mT-DSC heating observed in the Cp,total and Cp
’
 curves . The first melting endotherm 
observed in the Cp
’
 curve at lower temperature was due to formation of secondary crystals 
during heating for all composites and the melting peak at high temperature corresponds to 
primary crystals. Previous research proposed that multiple melting behaviour of a polymer 
linked either to the process of partial melting, recrystallization and remelting (mrr) or 
melting of the different crystal structures [Yasuniwa et al., 2004; Yasuniwa et al., 2008; 
Su et al., 2009; Shi et al., 2010; Lei et al., 2005; Gunaratna and Shanks, 2006; Gunaratna 
and Shanks, 2008].  
A subsequent graph is presented to represent a separate mT-DSC curve of Cp,total ,Cp, Cp,NR 
and Cp” heat capacity curve respectively as shown in Figures 6.13 to 6.16. Generally, 
polymer is crystallized either under isothermal or non-isothermal conditions, either in 
cooling (Tc) or heating (Tcc) conditions. The crystal perfection under isothermal conditions 
is affected by temperature while that under non-isothermal conditions by the formation 
and perfection of crystals controlled by heating or cooling rate and type of temperature 
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program. The step-wise method such as heat-cool modulation with an average heating rate 
of 2.0 Kmin-1 provides more opportunity for crystal to equilibrate. 
 
Figure 6.13 Total heat capacity (Cp,total) of PH, PHS2.5 and PHS7.5. 
 
 
Figure 6.14 Storage heat capacity (Cp
’
) of PH, PHS2.5 and PHS7.5 composites. 
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Referring to Figure 6.14, Cp
’
 represents reversing processes of PH, PHS2.5 and PHS7.5 
composites. The Cp
’
 curve for PH and PHS composites shows two endothermic melting 
peaks, secondary crystal melting at lower temperature is reversing activity followed by 
primary melting after recrystallization is non-reversing melting. Multiple melting 
endotherms on the Cp
’
 curve for PH, PHS2.5 and PHS7.5 composites indicated that they 
experienced the mrr process. As an example, the Cp
’ 
curve shows that PHS7.5 composites 
initially melted from 120 to 150 C, recrystallization at 150 to 158 C and then finally the 
composite remelted. The crystallization process at high temperature shown in Cp
’
 curves 
for PH and PHS composites beginning immediately after the partial melting of secondary 
crystals formed at lower temperature, indicating recrystallization of crystals formed in 
these composites. This result demonstrated that the process of melting, recrystallization 
and remelting occurred in PH and PHS composites. The reversing curve corresponds to 
the melting of secondary crystals and the non-reversing curve after crystallization 
corresponds to melting of primary crystals. Small or lower reversing contributions of PHS 
composites compared with PH composites suggested the formation of more stable 
crystals. Poorly crystallized polymers have a larger reversing melting contribution, while 
perfect crystals show a smaller reversing contribution [Gill et al., 1993]. 
 
Figure 6.15 Non-reversing heat capacity (Cp,NR) of PH, PHS2.5 and PHS7.5. 
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The exothermic non-reversing contribution (Figure 6.15) suggested that PH and PHS 
composites experienced crystallization throughout the heating process. The crystallization 
is a non-reversing activity during heating. The crystallization process in conventional 
DSC is ambiguous due to superposition of exothermic crystallization and melting 
endotherms. The Cp,NR curve of the mT-DSC scan reveals information about irreversible 
processes in the composites. A broad exothermic peak followed by an endothermic 
melting peak has been observed in the Cp,NR curve for PH and PHS composites. This 
melting peak is the second melting peak observed at higher temperature as shown in the 
Cp,total curve, that is non-reversing activity during heating. Similar exothermic and 
endothermic behaviour have been discussed in a poly(hydroxybutyrate) thermal study and 
in PLA blends with poly(hydroxybutyrate) [Gunaratna and Shanks, 2006; Gunaratna and 
Shanks, 2008]. Endothermic melting have been detected in both reversing and 
non-reversing heat capacity curves, while exothermic behaviour was detected only in the 
Cp,NR curve because crystallization is non-reversing. 
  
Figure 6.16 Loss heat capacity (Cp
”
) of PH, PHS2.5 and PHS7.5. 
The Cp
”
 as shown in Figure 6.16 represents loss heat capacity of PH, PHS2.5 and PHS7.5 
composites, which completely melt in the melting temperature range. These curves show 
zero baselines from ambient temperature to 100 C, suggesting that there were no 
structural changes occurring within this temperature range.  
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6.4 Conclusion 
PLA-hemp-nanosilica composites were prepared by impregnation of hemp woven fabric 
with PLA solution. Nano-silica was dispersed in the PLA solution to introduce a matrix 
reinforcing nano-phase within the composite. Crystallization was initialized at high 
temperature during heating, and this resulted in generation of some imperfect crystals. 
Hemp and nanosilica fillers acted as cross-linking between macromolecular chains, 
reducing mobility and ability of chain to further crystallize, finally limiting ultimate 
achievable crystallinity. The double melting behaviour of PLA composites was studied 
with two methods; non-isothermal DSC (continuous heating) and mT-DSC technique 
(with heat–cool modulation). The incorporation of hemp and nanosilica in PLA 
composites successfully acted as nucleating agents, affected the melting behaviour and 
formed nucleation sites that promoted the growth of PLA crystals. Low silica content 
provided nucleation that induced small and imperfect crystal during cooling and melted at 
low temperature in the melting temperature range that changed into more stable crystals 
through mrr process. Multiple melting appeared in the non-isothermal heating curves 
showing that the temperature of the lower melting peak decreased when using a slower 
scanning rate. Composites analysed by a modulated–temperature program showed a broad 
exotherm before melting in the non-reversing heat capacity and double melting in the 
reversing heat capacity curve. This behaviour was explained by a process of partial mrr 
More stable crystals were revealed in reversing heat capacity for PLA composites 
reinforced with hemp fibre and nanosilica. The mT-DSC curves resolved that the hemp 
fibre promoted recrystallization and nanosilica acted as effective nucleating agent, 
promoted small and imperfect crystals that changed successively into more stable crystals 
through a melt-recrystallization process.  
CHAPTER 7 
Thermal Stability, Dynamic Mechanical Properties and Morphology of 
Hybrid Poly(lactic acid)–hemp Nanocomposites  
7.1 Introduction  
Thermal stability, thermomechanical properties and morphology of hybrid PLA 
composites reinforced with hemp fibres and nanosilica are characterized in this chapter. 
This work builds upon the glass transition, cold crystallization and double melting 
behaviour described in Chapter 6, where the existence of fillers altered the crystallization 
and melting behaviour of PLA composites hence this is proposed to influence the 
mechanical properties and morphology of the composites. Many authors [Masirek et al., 
2007; Hu and Lim, 2007; Islam, Pickering and Foreman, 2010] have reported that fibre-
matrix interfacial compatibility influences the mechanical properties of PLA composites. 
A stronger fibre-matrix interface that improved the mechanical properties has been found 
with alkali treated hemp fibre [Islam, Pickering and Foreman, 2010]. Composites of hemp 
fibre reinforced PLA prepared by batch mixing were investigated by Masirek [Masirek et 
al., 2007]. The mechanical properties, thermal stability and morphology of PLA-hemp 
composites were dependent upon the preparation conditions and the hemp content in the 
composites. Mechanical tests showed that PLA composites reinforced with 20 %·w/w 
hemp fibre increased the modulus of elasticity (reaching 5.2 GPa) for the composites. 
Other composites investigated by Hu and Lim [Hu and Lim, 2007] found that 40 %v/v of 
alkali treated fibre provided a better adhesion, and therefore gave the best mechanical 
properties for hemp fibre reinforced PLA composites fabricated using hot compression 
moulding.  
Thermomechanical properties of PLA-silica prepared by melt blending showed that the 
tensile modulus and strength of the composites was enhanced by incorporation of 
nanoparticles. The silica nanoparticles were uniformly distributed in the PLA matrix for 
filler contents below 5.0 %·w/w, whereas some aggregates were detected with further 
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increase in filler concentration [Wen et al., 2009]. Another study reported that a uniform 
dispersion of silica in PLA was achieved by melt blending for filler contents below 
5.0 %·w/w with addition of a high surface area (200 m
2g-1) silica. The thermomechanical 
properties of the nano-composites improved because of the degree of dispersion and 
polymer-filler interaction [Fukushima et al., 2011].   
7.2 Experimental 
7.2.1 Materials and Experimental Details 
Materials information, hybrid PLA-hemp-nanosilica preparation procedures are detailed 
in Chapter 6. The composition of PLA composites is identical to that listed in Table 6.1. 
7.2.2 Characterization 
7.2.2.1 Thermal stability  
TGA of the PLA composites was carried out using a Perkin-Elmer Pyris 1 TGA. PLA 
composites of ~5.0 mg were heated under nitrogen purge (20 mLmin-1) from 30 to 
850 °C at 10 Kmin-1 with change to air purge at 700 °C. The mass loss and its derivative 
were recorded as a function of temperature.  
7.2.2.2 Thermomechanical properties 
The dynamic mechanical properties were determined via modulated force 
thermomechanometry (mf-TM) using a Perkin-Elmer Diamond DMA (20 x 10 x 2 mm in 
tensile mode at 1 Hz with 10 µm deformation, heated 30 to 190 °C at 2.0 Kmin-1). 
7.2.2.3 Wide angle X-ray scattering  
WAXS experiments were performed at room temperature on a Bruker NanoStar X-ray 
generator (Figure 3.12). Monochromatized Cu Kα (λ = 1.54 Å) radiation was used for all 
experiments. The generator settings were 40 kV and 35 mA. The sample-to-detector 
distance used for WAXS was about 4.8 cm, corresponding to a diffraction angle of about 
40°.  
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7.2.2.4 Surface morphology 
Surface morphology was examined by field-emission scanning electron microscopy (FEI 
Quanta 200 ESEM), operating at 30 kV acceleration voltage under low vacuum, pressure 
at 0.50 Torr and spot size = 4.0. Low voltage SEM was used without coating samples with 
gold and satisfactory images were obtained. 
7.3. Results and Discussion 
7.3.1 Thermal Stability PLA-hemp Nanocomposites 
The mass loss curves and derivative mass loss for neat PLA under nitrogen are shown in 
Figure 7.1. The temperature corresponding to the onset of decomposition (Td, onset) for a 
polymer is essential for evaluating its thermal stability and guiding melt processing. As 
shown in Figure 7.1(a), neat PLA experienced thermal degradation in a single mass-loss 
step Td, onset at 300 °C, with temperature at maximum rate of degradation (dwmax) observed 
at 370 °C. Figure 7.1(b) represents PLA film that was obtained by dissolving PLA 
granules in chloroform followed by film casting the solution and solvent evaporation at 
room temperature for 24 h, then the films were consolidated by compression moulding at 
180 °C for 10 min under a pressure of 2.4 MPa and 30 s at 12.1 MPa. PLA film was left at 
room temperature to cool then oven heated for 12 h before measurement was performed.  
As shown in Figure 7.1(b), the thermal degradation of PLA film degraded with the same 
single stage process. PLA film degraded with Td, onset at 309 °C. The casting process of 
neat PLA increased the Td, onset slightly to higher temperature, however dwmax was reduced 
to 354 °C. 
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(a) 
 
(b) 
Figure 7.1 TGA curve of (a) neat PLA and (b) PLA thin film. 
Figures 7.2 and 7.3 display the mass loss curve and derivative mass loss for PH and PHS 
composites, respectively. Thermal properties data are summarized in Table 7.1. 
Incorporation of hemp fibres resulted in the Td, onset for PH being shifted to higher 
temperature compared with neat PLA. The addition of silica in PLA matrix, reinforced 
with hemp fibres (PHS), increased thermal decomposition of composites. 
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Table 7.1 Thermal properties of PLA-hemp (PH) and PLA-hemp-silica (PHS) 
composites. 
Composites Td, onset (°C) Tmax (°C) Residue at 700 °C 
PH 
PHS2.5 
PHS5.0 
PHS7.5 
PHS10.0 
312.5 
322.1 
326.8 
327.7 
325.6 
360.2 
367.4 
369.9 
368.6 
369.7 
6.71 
7.03 
8.44 
8.76 
10.86 
Refer to the data in Table 7.1, Td, onset for PHS composites gradually increased with 
addition of silica. PHS7.5 composites exhibited highest Td, onset, which is shifted 
approximately 15 °C towards higher temperature compared with Td, onset for PLA-hemp 
fibres without addition of silica. Zhang et al., [2008] reported a similar improvement of 
thermal stability in PLA fumed silica nanocomposites over neat PLA.  
 
Figure 7.2 TGA curve for PLA-hemp (PH) and PLA-hemp-silica (PHS) composites. 
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Figure 7.3 DTG curve for PLA-hemp (PH) and PLA-hemp-silica (PHS) composites. 
The thermal degradation characteristic for a polymer can be investigated with the 
maximum rate of weight loss (Tmax), which is defined as the peak temperature of the 
derivative TGA curve. Tmax analyzed from the derivative curve of PHS composites are 
shown in Table 7.1 and Figure 7.2. All curves exhibit a single peak, indicating that 
thermal degradation of PLA composites occurred over one temperature range for both 
PLA and hemp. Results show that Tmax of PH gradually increased for PH and PHS 
compared with the processed PLA (Figure 7.1b), indicating better thermal stability for PH 
and PHS composites. PHS composites gave higher Tmax than PH composites. The addition 
of nano-filler particles clearly played an important role in the thermal stability of the 
nanocomposites and was responsible for improvement in stability of the PLA matrix. 
Furthermore, all PHS composites displayed similar derivative mass values of ~ 21 %, 
indicating that the rate of mass loss remained similar for the composites. PH composites 
showed derivative mass loss at 18 %, slightly lower than PHS composites.  
Overall, PHS composites are thermally stable as represented by higher Tmax and lower rate 
of derivative mass loss compared with PH composites. Stability of PLA is attributed to 
the presence of nanosilica dispersed in the PLA matrix. The reassembly of silica creates a 
protective physical barrier on the surface of PLA composites, which hinders the 
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permeability of volatile degradation products from the composites and eventually helps 
delay the degradation. Mróz et al., [2013] reported that the increased in Tmax was due to 
shielding effect of nanofiller in PLA matrix that result in improved of thermal stability of 
PLA composites. 
7.3.2 Mechanical Properties of PLA-hemp Nanocomposites  
This section discusses the dynamic mechanical properties of neat PLA, PLA reinforced 
with hemp and hybrid PLA-hemp-silica composites under tensile stress. Figure 7.4 shows 
the E’, E” and damping factor of neat PLA. As shown in Figure 7.4, E’ of PLA are 
considerably lower values of about 3.5 GPa at ambient temperature. A continuous 
reduction in E’ for PLA indicates a loss in material rigidity. 
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(b) 
Figure 7.4 Dynamic (a) storage modulus and (b) loss modulus and tangent delta of PLA. 
Figures 7.5, 7.6 and 7.7 display the dynamic E’, E” and damping factor for PH and 
PLA-hemp-silica composites (PHS2.5, PHS5.0, PHS7.5 and PHS10.0) as a function of 
temperature. Table 7.2 summarizes the data for dynamic mechanical properties of PH and 
PHS composites at ambient temperature. 
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Figure 7.5 Storage modulus of PLA-hemp and PLA-hemp-silica composites. 
 
Figure 7.6 Loss modulus of PLA-hemp and PLA-hemp-silica composites. 
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Figure 7.7 Damping factor of PLA-hemp and PLA-hemp-silica composites.  
Table 7.2 Dynamic mechanical properties of PH and PHS composites measured with 
Diamond DMA at ambient temperature. 
 
Reinforcement of PLA with hemp (PH) increased the E’ at 30 C from 3.5 GPa to 
10.75 GPa. This enhancement of E’ suggest strong interfacial bonding of hemp-PLA. As 
shown in Figure 7.5 and Table 7.2, the addition of nanosilica in the PLA matrix in 
combination with hemp fibre reinforcement resulted in a significant change in E’. The 
addition of nanosilica in PLA matrix and in combination of hemp had strong influence on 
the E’ with efficient interfacial bonding between hemp fibre and PLA matrix that 
increased crystallinity, as observed in DSC results discussed in Chapter 6. The highest 
modulus is represented by PHS7.5, followed by PHS5.0 and PHS2.5. The E’ at 30 C, 
was increased by 10.2 % from 10.75 GPa to 11.85 GPa with the addition of 2.5 %·w/w of 
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silica in PLA composites. Further increase in E’ to 14.8 % was observed with increase to 
7.5 %·w/w silica loading. The increase in E’ was attributed to a reinforcement effect of 
hemp and silica in the PLA composites that allowed better stress transfer from the PLA 
matrix to the hemp fibres. These changes demonstrated the improvement of the 
thermomechanical stability in PLA composites. Filler loading of 7.5 %·w/w was 
considered as maximum loading for these composites that gave the best mechanical 
properties of hemp fibre and nanosilica reinforcement on PLA composites. The same 
behaviour was observed in the preparation of PLA and silica with a melt-blending study 
[Fukushima et al., 2011]. 
Referring to Figure 7.5, E’ decreased gradually upon heating from ambient temperature 
and rapidly dropped in the glass transition region around 60 C, and then increased at 
100 C in agreement with E” for PH and all PHS composites shown in Figure 7.6. A 
decreasing trend was observed with increasing temperature due to softening of PLA. The 
increase of modulus could be linked to the cold-crystallization of the PLA composites.  
The presence of reinforcement in PLA composites developed a large number of small 
crystallites, decreased the mobility of PLA chain and increased the composite stiffness. 
The cold-crystallization behaviour of these composites is in agreement with DSC results 
discussed in Chapter 6. PHS5.0 composites showed the most crystallinity formed in this 
region. 
The Tg was derived from the E” curve to study the effect of hemp fibre-PLA matrix on 
mobility of polymer chains. The Tg of PLA composites shifted slightly to higher 
temperature with addition of silica. As the content of silica increased, the Tg increased 
with highest Tg for PHS7.5 at 64.3 C compared with 58.8 C for PHS2.5 and 58.4 C for 
PH composite. The Tg values of PH and PHS composites obtained by DMA are higher 
than that obtained by DSC. Because Tg is a kinetic process, the rate of heating and 
variation of experimental technique was found to affect the Tg value [Scheirs, 2001]. 
Averous et al., [2001] reported that the differences in temperature corresponding to Tg 
were attributed to the frequency of the analysis method. A clear indication of Tg range of 
PH and PHS composites was more easily observed through DMA. These results 
suggested that the segmental motion of PLA in these composites was partially relaxed at 
the Tg as indicated by DSC. 
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Mathew et al. [2006] discussed shifts to higher temperature that usually indicate restricted 
molecular movement because of better interaction between the fibre and polymer matrix. 
Besides, the -relaxation involves the motions of polymer chain segments. The presence 
of crystalline structures or reinforcement will act as a physical crosslink, decreasing the 
mobility of rigid amorphous phase and consequently increasing the composite stiffness. 
As seen in Figure 7.5, an increase in E’ monitored in the temperature region from 80 to 
110 C was reflected in an increase in the structural stiffness due to post-Tg 
cold-crystallization, which is in agreement with E” shown in Figure 7.6 
As shown in Figure 7.7, a tan() peak for PH and all PHS composites were observed at 
100 C, in agreement with cold-crystallization shown in the E” curve. Glass transition 
temperature derived from the loss tangent maximum displayed identical trends to those 
obtained from E” curves.  The melting peaks of PH and PHS composites were observed 
in a temperature range 150 to 170 C. These results indicate that mechanical properties 
show a better resistance to temperature in PLA-hemp composites with addition of silica.  
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7.3.3 Crystalline Structure of PLA-hemp Nanocomposites 
WAXS images of PLA and hemp are displayed in Figure 7.8(a). Scattering patterns of PH 
and all PHS composites are shown in Figure 7.9. The wide-angle X-ray 2 charts give an 
insight into the crystalline structure of the composites shown in Figure 7.8(b) and 7.10.  
 
 (a) 
 
(b) 
Figure 7.8 (a) WAXS images of PLA and hemp and (b) The 2 scattering intensity of 
PLA and hemp. 
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Figure 7.9 WAXS images of PLA-hemp (PH) and PLA-hemp-silica (PHS) composites. 
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(a) 
 
(b) 
Figure 7.10 The 2 scattering intensity of (a) PLA, hemp and PHS2.5 and (b) PLA-hemp 
(PH) and PLA-hemp-silica (PHS) composites at various silica loading. 
As shown in Figure 7.8(a), the constant equatorial distribution of scattering intensity in 
this ring corresponding to an amorphous background scattering of PLA. Mathew et al., 
[2006] reported that PLA exhibited a single peak at 2 = 16.4 indicative of an amorphous 
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nature of PLA. Hemp shows banding of  diffraction halos into arcs corresponding to 
orientation of hemp in axial and equatorial direction. Hemp provided a crystalline 
diffraction pattern in three rings corresponding to the major diffraction planes of 
cellulose. The major diffraction planes of hemp cellulose 110, 021 and 002 are observed 
at 2 = 15.0, 20.7 and 22.5 (Krassig, 1975).  
Under heat treatment (cold-crystallization), the amorphous PLA can be rearranged to 
crystalline regions. The diffraction patterns are very much different indicative of 
crystallinity and well-defined peaks of PLA were formed during heat treatment. A 
characteristic orientation of crystalline PLA diffraction peaks were observed at 
2 = 16.4, 19.2 and 22.5 that correspond to the following crystal planes: 110, 203 and 
205, characteristic of -form of PLA (pseudo-orthorhombic) [Mathew et al., 2006; Su et 
al., 2009; Hu et al., 2008; Tsai et al., 2010].  
The amorphous PLA scattering was overlapped with peaks corresponding to crystalline 
reflection of hemp in PH and PHS composites (Figure 7.10). As shown in Figure 7.10(a), 
no systematic changes in diffraction peak positions are identified indicating that no other 
crystalline structure exists except crystalline peak of hemp. The peaks at 22.5 was highly 
prominent indicating crystallinity of hemp. In this study, PH and PHS composites for 
WAXS experiments were prepared at ambient temperature without any heat treatment. 
Therefore these composites did not show any PLA crystalline structure. For PHS 
composites at different concentration of nanosilica (Figure 7.10(b)), similar diffraction 
patterns to hemp diffraction were observed, indicating that nanosilica did not alter the 
crystalline structure of the composites. 
The WAXS results are in agreement with DSC results discussed in Chapter 6 in which 
PLA was observed to be predominantly amorphous. As mentioned in the DSC results, PH 
and PHS composites exhibited some low crystallinity upon cooling. 
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7.3.4 Surface Morphology of PLA-hemp Nanocomposites 
Figure 7.11 shows the surface morphology of PH composites at various magnifications. 
 
Figure 7.11 SEM images of PLA-hemp composites (PH) at magnification of (a) 100x, 
(b) 500x, (c) 1000x and (d) 3000x. 
Figures 7.12 to 7.15 display the surface morphology of PHS composites at similar 
magnifications. SEM images revealed good adhesion between fibres and matrix for both 
PH and PHS composites. By inspecting images of PH and all PHS composites, hemp 
fibres was successfully coated by PLA matrix with and without nanosilica. At low silica 
loading (2.5 %·w/w, 5.0 %·w/w and 7.5 %·w/w), nanosilica dispersed uniformly in PLA 
matrix as shown in Figures 7.12-7.14. 
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Figure 7.12 SEM images of PLA-hemp-silica composites with 2.5 %·w/w silica loading 
(PHS2.5) at magnification of (a) 100x, (b) 500x, (c) 1000x and (d) 3000x. 
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Figure 7.13 ESEM images of PLA-hemp-silica composites with 5.0 %·w/w silica loading 
(PHS5.0) at magnification of (a) 100x, (b) 500x, (c) 1000x and (d) 3000x. 
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Figure 7.14 ESEM images of PLA-hemp-silica composites with 7.5 %·w/w silica loading. 
(PHS7.5) at magnification of (a) 100x, (b) 500x, (c) 1000x and (d) 3000x. 
Apparently, it was not possible to detect any silica particle agglomerates in the PHS 
composite with 7.5 %·w/w filler loading indicating a high level of dispersion and 
distribution as well as adhesion to the polymer matrix. Some small residual aggregates of 
nanosilica were observed with the higher 10.0 %·w/w silica loading (Figure 7.15).  
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Figure 7.15 SEM images of PLA-hemp-silica composites with 10.0 %·w/w silica loading. 
(PHS10.0) at magnification of (a) 100x, (b) 500x, (c) 1000x and (d) 3000x.  
SEM images of PHS10.0 revealed a poor interphase of fibre-matrix that led to decrease of 
mechanical properties as shown in DMA results. A large agglomeration of nanosilica 
reducing the crystallization of PLA composites as proved in DSC results.  
7.4 Conclusion 
Hybrid PLA-hemp-silica nanocomposites were morphologically and mechanically 
characterized. DSC results showed filler/s reinforcement inducing nucleation and 
crystallization that enhanced modulus as evidenced in DMA results. The composites 
exhibited reinforcement due primarily to the high aspect ratio of hemp fibres, secondary 
reinforcement and restriction of mobility of the PLA matrix due to silica nanoparticles. 
Increases in storage modulus were evidence of a nanosilica contribution in PLA matrix 
inducing reinforcement as detected by the thermomechanical properties. The hybrid 
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nanocomposites presented an improvement of thermomechanical properties because of 
good dispersion, a combination of nanoparticles and hemp fibres with effective polymer 
filler interaction. TGA results showed that nanosilica enhanced the thermal stability of 
PLA composites attributed to well dispersed on nanosilica in PLA matrix as shown in 
SEM results. WAXS performed in room temperature surrounding were not able to present 
the PLA crystalline structure however a prominent peak of hemp was clearly observed in 
all PLA composites. Based on this results, film stacking of PLA-silica matrix with hemp 
fibres can be considered as a possible way to improve the mechanical and physical 
properties of PLA based composites. 
  
CHAPTER 8 
Morphological Structure and Physical Properties of Hemp Fibre 
Reinforced Poly(lactic acid) Nanocomposites Plasticized with Tributyl 
Citrate 
8.1 Introduction 
Brittleness and stiffness of PLA could be substantially decreased by blending with 
plasticizer. Plasticizers such as poly(ethylene glycol) [Pluta and Galeski, 2002], acetyl 
tributyl citrate [Wang et al., 2008; Harte et al., 2012], poly(1,3-butylene adipate) [Wang et 
al., 2008; Zhijun et al,. 2009], sorbitol and glycerol [Finkenstadt et al., 2008] and glycerol 
monostearate [Ge et al., 2013] have been widely used to prepare more flexible PLA 
composites for many different applications. However, the addition of plasticizer generally 
reduced the strength and modulus of PLA composites. Plasticizer was found in reduction 
of glass transition of the amorphous phase of PLA and depressed the melting point of the 
crystalline region [Baiardo et el., 2003]. Considerable adjustments for PLA composites in 
having a good balance of stiffness and flexibility are then required for practical 
applications. 
PLA has been used in a wide range of applications such as in food packaging, personal 
care product and biomedical application. Therefore, a nontoxic substance miscible with 
the polymer was the best candidate to be used in this application that would create a 
homogeneous blend. Citrate esters are used as plasticizers when blended with PLA and 
they are found to be miscible with PLA matrix at a low plasticizer content, though lack of 
miscibility was observed with high plasticizer content [Harte et al., 2012]. Other research 
studied the effect of citrate esters (triethyl citrate, tributyl citrate, acetyl triethyl citrate and 
acetyl tributyl citrate) on the thermal and mechanical properties of PLA and reported that 
these plasticizers were miscible with PLA [Labrecque et al., 1997]. These citrate esters 
were found to be miscible with PLA at compositions of plasticizer less than 30 %w/w, 
effectively reducing the glass transition temperature and in turn improving the elongation 
at break. A good solubility of PLA in citrate plasticizers was found due to polar 
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interaction between the ester groups of PLA and the plasticizer [Ren, Dong and Yang, 
2006]. 
Nanoparticles such as nanosilica have been used in combination with plasticizer to 
improve PLA properties. A uniform dispersion of nanosilica at low content of plasticizer 
such as poly(ethylene glycol) [Pluta and Galeski, 2002], acetyl tributyl citrate [Wang et 
al., 2008], poly(1,3-butylene adipate) [Wang et al., 2008; Zhijun et al,. 2009], sorbitol and 
glycerol [Finkenstadt et al., 2008] and glycerol monostearate [Ge et al., 2013] improved 
the interaction between PLA matrix and nanoparticles. The dispersion reduced the size of 
nanoparticle agglomerates, hence improved deformation of plasticized PLA composites 
and increased the elongation at break. High contents plasticizer however caused lowering 
of tensile strength.  
The aim was to prepare hybrid PLA composites reinforced with natural fibre (hemp) and 
inorganic filler (nanosilica), with and without addition of tributyl citrate (TBC) plasticizer. 
The morphological structure, thermal stability, thermomechanical properties and 
crystallization behaviour were investigated. 
8.2 Experimental 
8.2.1 Materials 
Poly(lactic acid) (PLA 2002D, extrusion grade) was obtained in pellet form from 
Natureworks Co., Minnetonka, USA. Hemp fibre was purchased from Hemp Store 
Auckland, New Zealand. Fumed Silica Cab-O-Sil M5 with surface area average of 
200 m
2g-1, was purchased from Cabot Corporation USA. Chloroform (purity 
99.0-99.4 %, laboratory grade) was obtained from Merck KGaA, Darmstadt, Germany. 
TBC was obtained from Sigma Chemical and used as received. 
8.2.2 Composites Preparation 
PLA pellet, hemp fibre and fumed silica were dried in an oven at 60 °C for 24 h to 
remove moisture. Woven hemp fibres were washed and dried at room temperature prior to 
oven drying. Hemp fibre compositions were fixed at a ratio 1:3 of hemp fibre and PLA. 
PLA pellets (30 g) were dissolved in 300 mL of chloroform for 24 h followed by stirring 
for another 5 h to obtain PLA solution. Three layered PLA-hemp (PH) composites was 
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prepared by using a film stacking method. Initially, layered composites were obtained by 
solvent casting at room temperature. The resulting composites were further dried under 
vacuum at 50 °C for 8 h to remove residual solvent and moisture. The composites were 
then consolidated by compression moulding at 180 °C for 10 min under a pressure of 
2.4 MPa and 30 s at 12.1 MPa. The composites were cooled to room temperature by 
applying a constant water flow that connected to hot press and composites then stored in a 
desiccator. 
For PLA composites reinforced with hemp fibres and nanosilica, 2.5 %·w/w nanosilica 
was dispersed by ultrasonication in the PLA matrix phase in solution to enhance 
interfacial properties between hemp fibre and PLA matrix. The sonicated PLA–silica 
dispersion was added to a woven hemp fibre mat and prepared with the same method as 
PH composites. This hybrid composite was designated as PLA–hemp-nanosilica (PHnS) 
composite. Neat PLA and PLA with addition of nanosilica (PnS) were prepared for 
comparison.  
PLA composites with addition 10.0 %∙w/w TBC in PLA matrix were prepared to 
investigate plasticization by TBC on PLA, PnS, PH and PHnS composites. The 
composites were designated as plasticized PLA (pPLA), plasticized PLA-nanosilica 
(pPnS), plasticized PLA-hemp (pPH) and plasticized PLA-hemp-nanosilica composites 
(pPHS). Composites were stored in a desiccator prior to characterization. 
8.2.3 Characterization 
Cross section morphology of fractured and polished composites was performed with a 
NOVA SEM with electron beam power set at an acceleration voltage of 15 kV, pressure 
setting at 0.75 Torr and spot size 3.5. Composites with an average dimension of 
5.0 x 5.0 x 0.9 mm were carefully mounted on a specimen holder using conducting 
carbon-impregnated tape. Composites were coated with a conductive gold layer in an 
SPI-Module sputter coater for 60 s. Composites were then stored in a dust free 
environment prior characterization. 
TGA of the PLA composites was performed using a Perkin Elmer Pyris 1 TGA. PLA 
composites of about 5.0 mg were heated under nitrogen purge (20 mLmin-1) from 30 to 
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850 °C at 10 Kmin-1 with change to air purge at 700 °C. The mass loss and its derivative 
were recorded as a function of temperature. 
The thermomechanical properties was carried out with modulated force 
thermomechanometry (mf-TM) using a Perkin-Elmer Diamond DMA (20 x 10 x 2 mm 
in tensile mode at 1 Hz with 10 µm deformation, while heating from 30 to 190 °C at 
2.0 Kmin-1). 
Crystallization and melting behaviour was analyzed using a Perkin-Elmer Pyris 1 DSC, 
calibrated with indium and zinc according to the standard procedure for DSC. 
Crystallization and melting curves were obtained by heating about 5.0 mg mass of 
composites accurately weighed, using a Mettler MX5 microbalance, into sealed 
aluminium pans. Non-isothermal melt crystallization was performed by heating the 
composites from ambient temperature to 190 C at a heating rate of 10.0 Kmin-1. The 
composites were held at 190 C for 2 min to remove any thermal history, and then cooled 
to 25 C at 2.0 Kmin-1. After cooling, the composites were further heated to 190 C again 
from 25 C with the same scanning rate as the cooling rate. The second heating scan was 
obtained to determine melting data after the imparted cooling scan. The measurements 
were carried out at a scanning rate of 2.0 Kmin-1 and 10.0 Kmin-1 using N2 as purging 
gas. The heat flow data were used to calculate the apparent heat capacity, data were used 
to calculate the Tcc, Hcc, Tm and Hm.  
WAXS experiments were performed at room temperature using a Bruker NanoStar 
X-ray transmission instrument. Composites was isothermally heated at 80 C for 1 h 
before the experiment. Monochromatized Cu Kα (λ = 1.54 Å) radiation was used for all 
experiments. The generator settings were 40 kV and 35 mA. Scattered intensity was 
detected by a two-dimensional position-sensitive detector. The sample-to-detector 
distance used for WAXS was about 4.8 cm, corresponding to a diffraction angle of 
about 40°. The scattering angle (2) covered is from 0.02° to 42°. 
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8.3 Results and Discussion 
8.3.1 Morphological Structure 
The mechanical and thermal properties of PLA nanocomposites are dependent on the 
dispersion of nanofiller and plasticizer in PLA matrix and the interfacial adhesion 
between fibre and matrix. Hence, the cross-section morphology of fracture surface was 
performed to investigate the compatibility of hemp fibres and matrix PLA with and 
without nanosilica and the influence of TBC on PLA composites. Figures 8.1 to 8.4 
represent the fracture surface of PH, PHnS, pPH and pPHnS composites 
 
Figure 8.1 Fracture surface morphology of PLA-hemp (PH) composites at (a) 1000x,   
(b) 1500x, (c) 3000x and (d) 10 000x. 
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Figure 8.2 Fracture surface morphology of plasticized PLA-hemp (pPH) composites at 
(a)-(b) 5000x, (c)-(d) 10 000x and (e)-(f) 20 000x. 
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Figure 8.3 Fracture surface morphology of PLA-hemp-nanosilica composites (PHnS) 
composites at (a)-(b) 5000x, (c)-(d) 10 000x, (e) 20 000x and (f) 50 000x. 
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Figure 8.4Fracture surface morphology of plasticized PLA-hemp-nanosilica composites 
(pPHnS) composites at (a) 5000x, (b)-(c) 10 000x, (d)-(e) 20 000x and         
(f) 50 000x.  
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(c)  (d) 
(e) (f) 
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As shown in Figure 8.1, fractured surfaces of PH composites exhibited a small number of 
fibre pull-outs, which is an indication of good fibre–matrix adhesion. It was observed that, 
the PLA matrix successfully adhered to the surface of pulled-out fibres indicated that PLA 
was compatible with hemp fibres prepared with the film stacking method. Fibre tearing 
with a smooth interfacial cracking was observed in PH composites, indicating good 
interfacial adhesion of hemp fibres and PLA matrix. Figure 8.2 shows a fracture surface 
of PH composites with addition of TBC (pPH). As seen, pPH formed droplets dispersed 
giving less brittle characteristics to the pPH composites. 
In the presence of nanofiller, PHnS composites further improved their interfacial 
properties. Morphology of fracture surface of PHnS as displayed in Figure 8.3 exhibited 
fibre breakage without any pull-out. PHnS is a brittle composite as revealed in Figure 8.3. 
This fracture structure indicates a strong interface between hemp fibres and 
PLA-nanosilica matrix in the composites, which in turn results in effective transfer of 
stress between the hemp fibres and PLA matrix. The reinforcement of nanosilica in a PLA 
matrix provided better interfacial adhesion in PHnS composites proven by no fibre-matrix 
interfacial cracking on the fracture surface. Addition of TBC in PHnS composites retained 
the compatibility of hemp fibres and PLA-nanosilica matrix. As shown in Figure 8.4, 
TBC causes the pPHnS composites to exhibit a transition to brittle failure. This result may 
be attributed to uniform dispersion of nanosilica and TBC in the PLA matrix. SEM 
images of pPHnS composites show that addition of TBC facilitated dispersion of 
nanosilica in the PLA matrix.  
Overall, TBC reduced the brittle fracture of PH and PHnS composites as shown in 
Figures 8.2 and 8.4. The addition of TBC in PLA matrix promoted separation of 
agglomerated nanosilica particles during the ultrasonication process. TBC was 
successfully permeated into PLA and facilitated PLA molecules to disentangle due to 
enhanced mobility of PLA chains caused by the plasticization of TBC.  
Figure 8.5 to Figure 8.8 represent the cross section surface of PH, PHnS, pPH and pPHnS 
after being polished. The morphology of PH, PHnS, pPH and pPHnS composites show 
that hemp fibre was completely coated by PLA matrix.  
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Figure 8.5 Cross section morphology of PLA-hemp (PH) composites at (a)-(b) 5000x, 
(c)-(d) 10000x, (e) 20 000x and (f)-(g) 40 000x. 
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                                  (e)                                                                (f) 
Figure 8.6 Cross section morphology of plasticized PLA-hemp (pPH) composites at 
(a)-(b) 5000x, (c)-(d) 10 000x and (e)-(f) 20 000x. 
 135 
 
      
                         (a)                                                                  (b)  
      
                                     (c)                                                                   (d) 
      
                                   (e)                                                                  (f) 
Figure 8.7 Cross section morphology of PLA-hemp-nanosilica (PHnS) composites at 
(a)-(b) 10000x, (c)-(d) 20 000x, (e) 40 000x and (f) 50 000x. 
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                                   (c)                                                                 (d) 
      
                                  (e)                                                                   (f) 
Figure 8.8 Cross section morphology of plasticized PLA-hemp-nanosilica (pPHnS) 
composites at (a)-(b) 5000x, (c)-(d) 10 000x, (e) 40 000x and (f) 50 000x. 
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As for PHnS composites (Figure 8.7), the nanosilica was detected as white dots of 
spherical shape. The nanosilica was uniformly distributed in the PLA matrix with many 
monodisperse particles. Several aggregates of nanosilica integrated with others and the 
average diameter of silica aggregates did not exceed 250 nm. These results are in good 
agreement with a finding for PLA reinforced with nanosilica at various loadings, where it 
was reported that there was a good dispersion of nanosilica at low silica content. 
Dispersion was performed with a mechanical mixer before a melt blending process [Wen 
et al., 2009]. Similar dispersion of nanosilica in other polymer was also observed as 
reported in poly(butylenes succinate-silica nanocomposites [Bian et al., 2010], 
poly(3-hydroxybutyrate-co-4-hydroxybutyrate/silica nanocomposites [Han et al., 2012] 
and poly(-caprolactone)-silica nanocomposites [Li et al., 2012]. 
Compared with Figure 8.7, TBC decreased the size of silica agglomerates and increased 
the dispersion of nanosilica in PLA matrix as shown in Figure 8.8, although some small 
agglomeration was revealed in pPHnS composites. The polished surface of pPHnS show 
that nanosilica was well dispersed in a plasticized PLA matrix. This result is consistent 
with SEM images for the fracture surface shown in Figure 8.4 indicating a uniform 
dispersion of nanosilica in the plasticized PLA matrix. Wang et al., 2008 reported that 
plasticizer effectively decreased the size of agglomerates and increased the dispersion of 
other nanofiller (carbon black) as reinforced filler in PLA composites prepared with melt 
blending. 
8.3.2 Thermal Stability  
Figure 8.9 displays the mass loss and derivative mass loss curves for PLA, PnS, PH and 
PHnS in the temperature range of 30 to 800 °C. Table 8.1 summarized the thermal 
properties of these composites. The characteristic thermal parameters selected were onset 
degradation temperature (Td,onset), weight loss (wL) at 300 °C before degradation and after 
degradation at 700 °C, maximum degradation rate temperature (Td,max) and maximum 
derivative weight (dwmax) obtained from derivative mass loss curve.  
Thermal degradation of PLA, PnS, PH and PHnS took place in a single weight loss step. 
The Td,max of neat PLA was observed at 372 °C with dwmax at 359 °C. A similar trend to 
neat PLA was observed for PnS composites. However, the presence of nanosilica resulted 
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in Td,onset for PnS being shifted about 2.0 °C to higher temperature compared with neat 
PLA.  
 
Figure 8.9 TGA and DTG curve of PLA, PnS, PH and PHnS composites. 
Table 8.1 TGA and DTG properties of PLA, PnS, PH and PHnS composites.  
Reinforcement of hemp fibres with PLA matrix further increased the Td,onset indicating 
that PLA and PnS have lower thermal stability than PH. A combination of nanofiller and 
microfibre in PLA composites provides the most stable composites as observed in PHnS 
composites, with Td,max at 400 C, whereas PH, PnS and PLA showed a lower Td,max. 
Improved thermal stability is confirmed by lower wL at 700 C than that of PH, PnS and 
PLA attributed to the presence of hemp fibres and uniform dispersion of nanosilica in 
PLA matrix. The reassembly of nanosilica creates a protective physical behaviour on the 
surface of PHnS composites, which hinders the permeability of volatile degradation out of 
the composites and resulted in a delay of degradation. The mass loss and derivative mass 
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loss curves for pPLA, pPnS, pPH and pPHnS are displayed in Figure 8.10. Table 8.2 
summarized the thermal properties of these composites. 
 
Figure 8.10 TGA and DTG curve of pPLA, pPnS, pPH and pPHnS composites. 
Table 8.2 TGA and DTG properties of pPLA, pPnS, pPH and pPHnS composites. 
Composites 
 Tonset 
(°C) 
wL at 300 °C 
(%) 
wL at 700 °C                        
(%) 
Tmax
(°C) 
dwmax 
(%min-1) 
pPLA 306.7 13.4 98.7 382.0 358.6 
pPnS 296.8 11.1 96.7 372.9 357.7 
pPH 328.9 5.8 92.9 396.2 362.3 
pPHnS 330.6 5.9 91.1 396.8 364.4 
As expected, the addition of TBC in PLA matrix reduced thermal stability of PLA 
composites, as observed in pPLA, pPnS, pPH and pPHnS (Figure 8.10 and Table 8.2).  
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8.3.3 Thermomechanical Properties 
Figure 8.11 to Figure 8.13 display the thermomechanical properties of PLA, PnS, PH and 
PHnS composites with and without TBC within the temperature range investigated. 
Thermomechanical data at ambient temperature (30 C) are summarized in Table 8.3.  
Table 8.3 Dynamic mechanical properties of PLA, PnS, PH, PHnS, pPLA, pPnS, pPH 
and pPHnS composites at 30 C.  
Composites storage modulus  loss modulus  tan  
 E' (GPa) E" (GPa)  
PLA 3.45 0.63 0.18 
 
PnS 3.49 0.70 0.21 
 
PH 18.95 1.37 0.07 
 
PHnS 19.93 1.02 0.05 
 
pPLA 3.50 0.53 0.15 
 
pPnS 3.51 0.69 0.20 
 
pPH 14.77 0.98 0.07 
 
pPHnS 14.23 
 
1.10 
 
0.07 
 
PLA exhibited a E’ of 3.45 GPa and the addition of nanosilica in PLA matrix (PnS) did 
not significantly change the E’. Reinforcement of hemp fibres and PLA (PH) increased 
the E’ to 18.95 GPa, an expectation of filling a polymer with rigid particles. A significant 
improvement of mechanical properties was observed in PHnS composites (Figure 8.11a) 
was attributed to a strong fibre matrix interface, which leads to sufficient stress transfer 
from the PLA–nanosilica matrix to hemp fibres as revealed by SEM. For PH and PHnS 
composites, the following characteristic of E’ changes with increasing temperature were 
observed: a gradual decrease in E’ over the region 30 to 70 °C due to the glass transition 
change, an increase in the cold-crystallization range from 70 to 100 °C due to 
reinforcement by the crystallites being formed and finally a decrease of E’ over 130 to 
170 °C, as a result of the pre-melting process. The increase of E’ in this region is 
reflecting an increase of structural stiffness and development of spherulites in PLA 
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composites [Pluta, 2004]. Similar observation was revealed in DSC results and WAXS 
spectra discussed in section 8.3.4 and 8.3.5.  
 
(a) 
 
(b) 
Figure 8.11 Storage modulus of (a)PLA, PnS, PH, PHnS composites and (b)  pPLA, 
pPnS, pPH and pPHnS composites. 
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(a) 
 
(b) 
Figure 8.12 Loss modulus of (a) PLA, PnS, PH, PHnS composites and (b) pPLA, pPnS, 
pPH and pPHnS composites. 
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(a) 
 
(b) 
Figure 8.13 Damping factor of (a) PLA, PnS, PH, PHnS composites and (b) pPLA, 
pPnS, pPH and pPHnS composites. 
Comparing the E’ values of these composites, the E’ of PHnS were greater than PH 
composite. An increase in the cold-crystallization range of PHnS composites compared 
with PH suggested that the incorporation of well distributed nanosilica in PLA matrix 
with hemp fibre reinforcement enhanced the cold-crystallization ability of PLA because 
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of crystallization nucleation. In addition, a constant heat capacity before melting at 140 °C 
observed in the E’ curve of PHnS was due to perfect crystals requiring more energy to 
dissipate. The loss modulus curve in Figure 8.12a shows this activity with a sharp peak 
within the same temperature range. Similar cold-crystallization behaviour has been found 
in PLA–silica composites prepared with melt-blending. Fumed silica with high surface 
area (200 m
2g-1) provided the highest thermomechanical improvement with a good 
distribution of filler content below 5.0 %·w/w [Fukushima et al., 2011]. PnS and PLA 
show very low E’ compared with PH and PHnS composites. Dynamic E’ of PnS and PLA 
curves were overlapped in the temperature range investigated. This result showed that 
reinforcement of the well dispersed nanosilica in PLA matrix did not alter the mechanical 
properties of PLA.  
It was observed that the addition of 10.0 %∙w/w TBC in PLA matrix slightly reduced the 
modulus of PLA composites as displayed on E’ of pPLA, pPnS, pPH and pPHnS shown 
in Figure 8.11b. As a plasticizer, TBC improved the flexibility of pPH and pPHnS, in part 
by reducing the crystallization of the composites as observed in the temperature range 70 
to 100 °C indicating that PLA matrix was more flexible upon addition of TBC. The 
presence of TBC in PLA matrix initiated formation of perfect spherulites and leads to an 
increase of crystallinity in plasticized PLA composites. This formation is clearly seen in 
DSC results of plasticized PLA composites on a cooling curve at a low scanning rate of 
2.0 Kmin-1 discussed in section 8.3.4. As expected, plasticizer reduced an excellent 
modulus of pPH and pPHnS compared with the same composites without addition of 
TBC.  
As the nanofiller of pPHnS composites, nanosilica provided a reinforcement effect that 
increased the E’ compared with pPnS and pPLA composites. However the E’ of pPHnS is 
slightly lower than pPH, which may be due to TBC, not only permeated into the PLA 
phase but around silica particles. Generally, a low loading of plasticizer improved the 
deformation of PLA composites, whereas a high content of plasticizer in PLA composites 
caused a reduction of strength and stiffness of composites [Pluta and Galeski, 2002; 
Finkenstadt et al., 2008; Wang et al., 2008; Zhijun et al., 2009; Ge et al., 2013]. SEM 
images showed the same reinforcement effect in PLA composites as discussed earlier. 
Thermomechanical results are consistent with thermal properties determined by DSC as 
the Tc of pPH and pPHnS composites increased, where Tc of pPH was higher than pPHnS 
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composites. The pPLA exhibited lowest E’ as its Tc was lowest, whereas pPH showed the 
highest E’ amongst plasticized PLA composites. TBC did not significantly change the E’ 
of pPnS as the dynamic E’ curve of pPnS overlapped with pPLA. 
The Tg values correspond to temperature at maximum loss modulus are shown in 
Figure 8.12. Reinforcement of hemp fibre with PLA matrix results in a shift of Tg towards 
a higher temperature, that representing lower molecular mobility of matrix chains due to 
the presence of high ratio of fibre. As the Tg values of PHnS composites are higher than 
PH, it can be deduced that the fibre-matrix interfaces were markedly changed by the 
addition of nanosilica in PLA matrix. Silica might retarded the mobility of polymer chain 
hence increasing the Tg. The Tg peak of plasticized PLA composites is not possible to 
observe in loss modulus curve in Figure 8.12b. The change in Tg will be discussed 
thoroughly in Section 8.3.4 based on non-isothermal DSC at 10.0 Kmin-1 scanning rate, it 
seems that the Tg peak of PLA and PnS were not observed on DMA results for both with 
and without plasticizer. The Tg could be detected on DSC scanning in temperature range 
53-55 C for PLA composites without influence of plasticizer, however the Tg reduced to 
36-39 C because of plasticization. 
Variation of the damping factor (tan δ) of these PLA composites, with respect to 
temperature change is compared in Figure 8.13. PH composites exhibited a higher tan δ 
peak value as compared with PHnS composites. Higher tan δ peak value for PH was 
attributed to more energy dissipation by internal friction at the weaker interface between 
hemp fibres and PLA matrix, consistent with the SEM interpretation. TBC lowered the 
tan δ peak of all PLA composites. Since the tan δ peak is related to fibre-matrix adhesion, 
lower tan δ peak value is corresponds to better adhesion and compatibility between hemp 
fibre and PLA matrix than that without plasticizer. 
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8.3.4 Crystallization and Melting Behaviour 
It is important to investigate the crystallization and melting behaviour of PLA composites 
because it affects not only the crystallization structure and morphology of semicrystalline 
polymers, but the physical properties. The non-isothermal crystallization and melting 
behaviour of PLA, PnS, PH and PHnS at a scanning rate of 2 Kmin-1 is displayed in 
Figure 8.14. The crystallization and melting properties of these composites are listed in 
Table 8.4. 
Figure 8.14(a) shows the thermal response of PLA, PnS, PH and PHnS composites with 
increasing temperature. The curve of PLA composites without plasticizer exhibited three 
transitions, representing the Tg, Tcc and Tm. The Tg for PLA and all PLA composites was 
observed around 58-60 C. Neat PLA showed Tcc and Tm peaks located at 119 C and 
159 C, respectively. The addition of fillers significantly altered the Tcc of PLA 
composites. As shown in Figure 8.14a, the nucleation effect of nanosilica reduced the Tcc 
of PnS composites. At this silica loading, the formation of crystals or new crystals is 
assisted because of the nucleation of nanoparticles. The reinforcement of hemp fibres with 
PLA further decrease the Tcc in PH and PHnS composites compared with PnS composites. 
PH composites created more free volume and allowed the molecules to be more mobile. 
Reinforcement of hemp in PLA composites resulted in crystallization on heating occurred 
earlier as seen in PH and PHnS composites.  
In parallel with the shift in Tcc, the Tm of PH composites shifted to slightly higher 
temperature compared with PLA and PnS composites. The Tcc and Tm shifted to highest 
temperature for PHnS composites. Multiple melting peak occurred at low heating rate, 
and it was found that the first melting peak at low temperature tended to disappear as the 
heating rate increased. Therefore, the multiple melting of all PLA composites seen in 
Figure 8.14 was a result of melting and recrystallization processes that occur during the 
heating scan. The first melting peak corresponded to secondary crystals that formed 
during cold-crystallization, which upon heating, experienced a complex melting and 
recrystallization process to form more stable crystals then finally melted at higher 
temperature [Yasuniwa et al., 2004; Quero et al., 2012]. This behaviour with bimodal 
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melting peaks was observed for other PLA blends with nanofiller [Wen et al. 2009; Su et 
al., 2009; Shi et al., 2010; Fukushima et al, 2011].  
 
(a) 
 
(b) 
Figure 8.14 (a) DSC heating curve of PLA, PnS, PH and PHnS at scanning rate of 
2.0 Kmin-1 and (b) DSC cooling curve of PLA, PnS, PH and PHnS at 
scanning rate of 2.0 Kmin-1. 
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Crystallization ability (on cooling) of PLA, PnS, PH and PHnS composites without 
addition of TBC was very low as shown in Figure 8.14b. As seen, addition of filler/s 
enhanced nucleation of PLA on cooling. PH provided most nucleation ability with higher 
onset of nucleation and higher maximum rate compared with PnS and PLA. PLA 
presented less nucleation among these composites. 
Figure 8.15 represents the non-isothermal curves of pPLA, pPnS, pPH and pPHnS 
composites, at 2.0 Kmin-1 scanning rate. With a slow scanning rate, the Tg of these 
composites was not observed in the range of investigation temperature, as expected by 
addition of plasticizer in PLA composites will reduce the Tg of polymer composites. The 
plasticization of PLA composites exhibited a weak cold-crystallization followed by 
melting in comparison with PLA composites without addition of TBC (PLA, PnS, PH and 
PHnS) as shown in Figure 8.14. The presence of TBC increased the crystallization 
activity during cooling, which in turn, reduced the recrystallization effect on heating. This 
phenomenon is considerably larger for pPH and pPHnS composites. The same behaviour 
was observed on DMA results where there was no crystallization activity on PLA 
composites with addition of plasticizer. Contrary to PH and PHnS composites without 
plasticizer, pPH and pPHnS composites show a small pre-melting endotherm in the 
melting temperature range that is partially overlapped with the cold-crystallization 
exotherm. This result indicated thermal destruction of poorly ordered regions formed in 
plasticized PLA composites. Instability of plasticized structure of PLA was also discussed 
in another research finding [Pluta, 2004].   
Differences in crystallization and melting behaviour clearly influence the 
thermomechanical properties and use of TBC in hybrid PLA composites on enhancement 
of PLA crystallization ability discussed in section 8.3.3. A good relation of thermal 
stability and mechanical properties was found in the plasticizer, glycerol monostearate on 
PLA. Decrease of Tg, Tm and Tcc f the PLA composites shows the effect of plasticizer in 
PLA composites on enhancing molecular mobility [Ge et al., 2013]. 
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(a) 
 
(b) 
Figure 8.15 (a) DSC heating curve of pPLA, pPnS, pPH and pPHnS at scanning 
rate of 2.0 Kmin-1 and (b) DSC cooling scan of pPLA, pPnS, pPH and 
pPHnS at scanning rate of 2.0 Kmin-1. 
As seen in Figure 8.15, the exothermic peak during cooling is more pronounced with 
addition of TBC in the PLA matrix. During cooling, PLA presented a broad exothermic 
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peak at 79 C with onset of crystallization temperature (Tc,onset) at 101 °C, indicative of 
crystallization activity on cooling. The existence of nanosilica in the PLA composites 
enhanced the crystallization ability as shown by crystallization temperature (Tc) shifting to 
higher temperature. The Tc of pPnS composites increased about 5 °C to 85 C with higher 
Tc,onset and enthalpy of crystallization (H) increased correspondingly (Table 8.4), 
indicating that TBC improved the ability of pPnS composites to undergo crystallization 
on cooling. The reinforcement of hemp fibres with PLA matrix plasticized with TBC 
provided a significant enhancement to pPH composites. As shown in Figure 8.15b and 
Table 8.4, the Tc of pPH composites was significantly increased to higher temperature 
from 85 to 103 C with higher Tc,onset than those pPnS and pPLA, implying that the 
crystallization processes of pPH started earlier than pPnS and pPLA.
 
DSC cooling curves 
show that the nucleation ability of hemp fibres was higher than that nanosilica as the Tc of 
pPH is observed higher than pPnS. A significant increase in Tc for pPnS and pPH 
composites was ascribed to a nucleation effect of hemp–nanosilica in PLA matrix. A 
combination of hemp fibres and nanosilica in PLA composites with TBC (pPHnS) 
slightly decreased the Tc,onset, and Tc reduced from 103 to 98 °C. The combination of 
nanosilica and large content of hemp in PLA composites slightly decreased the overall 
ability of nucleation. Maximum rate of nucleation of pPH was higher than pPHnS because 
of nucleation in pPHnS composites with presence of two fillers required longer time to 
form nucleation. 
As the crystallization ability of PLA, PnS, PH and PHnS composites was very low, hence, 
the crystallization behaviour focused on pPLA, pPnS, pPH and pPHnS composites that 
will be thoroughly discussed with crystallization kinetic analysis in Chapter 9. 
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Table 8.4 Non-isothermal cold-crystallization and melting properties of PLA, PnS, PH and PHnS, pPLA, pPnS, pPH and pPHnS 
composites at a scanning rate of 2.0 Kmin-1. 
 
Table 8.5 Non-isothermal cold-crystallization and melting properties of PLA, PnS, PH and PHnS, pPLA, pPnS, pPH and pPHnS 
composites at a scanning rate of 10.0 Kmin-1. 
 
Heating                           Cooling
Composites T cc, onset (C) T cc (°C) T cc, end (°C) H cc  (J/g)T m, onset (°C) T m1 (°C) T m2 (°C) T m, end (°C)H m (J/g) T c, on (°C) T c (°C) T c, end (°C)H c (J/g)
PHnS 91.82 98.07 109.96 13.68 147.27 150.09 160.29 162.19 16.18 small T c
PH 88.75 99.77 117.63 13.58 146.65 149.09 159.29 161.25 14.86 small T c
PnS 103.38 117.36 134.29 34.75 149.33 152.27 160.17 162.09 31.09 small T c
PLA 103.03 119.27 137.26 35.17 148.20 152.77 159.39 161.80 34.57 small T c
pPHnS 64.88 broad T cc 97.49 0.51 135.46 137.08 156.18 158.93 16.90 110.21 97.67 89.28 23.84
pPH 64.44 broad T cc 97.91 0.20 137.87 139.69 154.09 156.91 15.09 109.28 102.77 98.41 25.26
pPnS 67.45 78.36 92.18 1.13 139.97 no peak 152.39 153.95 31.90 106.93 84.97 64.41 19.76
pPLA 69.45 80.87 103.93 13.33 141.89 no peak 150.88 153.83 33.14 101.14 78.97 57.59 12.29
Composites T cc, onset (C) T cc (°C) T cc, end (°C) H cc  (J/g) T m, onset (°C) T m1 (°C) T m2 (°C) T m, end (°C) H m (J/g)
PHnS 99.14 113.28 137.28 13.09 148.62 149.28 157.78 162.17 15.33
PH 99.70 114.28 136.96 11.86 149.92 149.28 157.78 161.82 13.39
PnS 92.26 113.78 134.28 1.77 138.14 broad T m 149.28 154.53 3.13
PLA 93.77 114.28 132.28 1.76 138.14 broad T m 149.28 154.53 3.11
pPHnS 79.75 90.26 108.79 12.66 141.58 136.28 152.29 156.32 17.78
pPH 76.67 90.43 102.94 11.85 144.36 135.28 151.78 157.90 16.63
pPnS 92.26 115.28 136.28 10.99 138.87 143.79 150.29 154.76 8.68
pPLA 95.06 118.28 136.28 4.67 139.82 143.78 150.28 154.85 4.53
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A higher scanning rate of PLA composites with TBC was performed to determine the 
change of Tg in existence of TBC in PLA composites. Figure 8.16 shows the 
non-isothermal melting and crystallization behaviour of pPLA, pPnS, pPH and pPHnS 
composites at scanning rate of 10.0 Kmin-1. Melting and crystallization properties of 
these composites are summarized in Table 8.5 The non-isothermal melting and 
crystallization behaviour at 10.0 Kmin-1 scanning rate of neat PLA, PnS, PH and PHnS 
composites are not shown in this section, but data from the melting and cooling curves 
was extracted and presented in Table 8.5.  
As shown in Figure 8.16 the Tg of PLA and PLA composites with plasticizer is more 
pronounced at the higher scanning rate of non-isothermal DSC, 10.0 Kmin-1. Addition of 
plasticizer decreased the Tg to about 37-39 C in plasticized PLA composites. This 
significant reduction in Tg is attributed to the lubrication action of TBC in PLA matrix. 
TBC is completely dissolved in PLA, TBC may permeated into hemp, reducing 
concentration in PLA. Addition of TBC in PLA matrix results in enhanced flexibility of 
the composites as revealed by DMA results.  
These results are found higher than the Tg of PLA plasticized with TBC reported by other 
research [Harte et al., 2012], that Tg observed at 30 C. TBC was found as effective 
plasticizer to PLA because of large non-polar aliphatic segments, which acted as shield 
dipoles on the PLA polymer chains, preventing interaction with adjacent polymer chains, 
pushing apart and increasing mobility of PLA matrix. Tg is a kinetic process that is 
affected by the rate of heating and different experimental technique caused a different Tg 
value [Scheirs., 2001]. 
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  (a)  
 
(b) 
Figure 8.16 (a) DSC heating curve of pPLA, pPnS, pPH and pPHnS at scanning rate of 
10 Kmin-1, (b) DSC cooling scan of pPLA, pPnS, pPH and pPHnS at 
scanning rate of 10 Kmin-1. 
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8.3.5 X-ray Scattering  
Figures 8.17 to 8.20 represent wide angle X-ray scattering for PLA and PLA composites 
with and without plasticizer. Figure 8.17 shows WAXS of PLA with two distinct 
diffraction peaks reflections at 2 =16.4 and 19.2 followed with a small peak at 21.5 
corresponding to 110, 203 and 205 crystal planes. Addition of plasticizer in the PLA 
matrix did not change these peaks however they increased in intensity, implying increased 
crystallinity. The presence of nanosilica in PLA matrix as shown in Figure 8.18a 
exhibited the same diffraction peaks at the same locations due to silica being amorphous 
in nature. However the intensity of PnS is slightly higher than PLA indicating that 
addition of silica enhanced the crystallinity of PLA composites. Similar trend was 
observed for plasticized PLA composites, pPnS showed higher intensity than PnS 
composites, and slightly higher than pPLA by comparison with PLA composites. The 
crystalline peaks of PLA, pPLA, PnS and pPnS observed at the same diffraction range of 
2 = 16.4 , 19.2  and 21.5 are ascribed to the  crystalline form of PLA [Su et al., 
2009; Hu et al., 2008; Tsai et al., 2010, Kawai et al., 2007], known as pseudo-orthorombic 
modification with 103 helical conformation. These X-ray scattering indicating a 
single-crystal modification was developed in the composites. 
As seen in Figure 8.19 and 8.20, PH and PHnS composites exhibited additional peaks at 
higher scattering angle, 2 = 31.9 and a shoulder peak at 18.8 representing hemp fibre 
scattering angle with a characteristic of cellulose I polymorphs. The diffraction planes of 
cellulose, namely 101, 021 and 002, are present at 15.0 , 20.7  and 22.5  
(Krassig, 1975). These peaks also appeared in pPH and pPHnS composites with higher 
intensity.  
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(a) 
 
(b) 
Figure 8.17 WAXS scattering of (a) PLA and (b) pPLA. 
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(a) 
 
(b) 
Figure 8.18 WAXS scattering of (a) PnS and (b) pPnS. 
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(a) 
 
(b) 
Figure 8.19 WAXS scattering of (a) PH and (b) pPH.  
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(a) 
 
(b) 
Figure 8.20 WAXS scattering of (a) PHnS and (b) pPHnS. 
As seen in Figure 8.19(a), reinforcement of hemp fibres with PLA matrix caused an 
overlapping of 110 plane of PLA at 2=16.2 and 101 plane of cellulose at 2=15.1. A 
new diffraction plane observed for PH composites at 2=20.6° resulted from another 
overlapping of PLA planes, 205 at 2=21.5 and cellulose plane, 021 at 2=20.7 and 002 
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at 2=22.5 caused decreased intensity of the 002 plane. Hemp diffraction peaks are as 
shown in Figure 8.21.  
 
Figure 8.21 Diffraction peaks of hemp fibre. 
It seen that the reinforcement of hemp fibre with PLA matrix caused reduction in intensity 
of the main cellulose structural crystalline plane (002). A combination of hemp fibres and 
nanosilica in PLA composites caused no change to the cellulose structure, however it 
increased in intensity and shifted slightly to higher degree of 2 indicating higher 
crystallinity and improved crystalline perfection. Addition of TBC further assisted in 
increased crystallinity as the intensity of pPH and pPHnS are higher than PH and PHnS, 
respectively. 
8.4 Conclusion 
PLA was physically modified by filling with an inorganic additive, natural fibre with 
additional citrate ester plasticiser. PLA composites were prepared with a film stacking 
method and analysed by SEM, TGA, thermomechanometry and DSC were used to 
investigate the physical and mechanical properties of the hybrid composites. PLA 
composites reinforced with hemp fibres in combination with nanosilica are thermally 
stable as the maximum rate of weight loss of the composites shifted to the highest 
temperature observed in TGA results. Dynamic mechanical properties of PLA composites 
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showed that the reinforcement of hemp fibre and nanosilica enhanced the mechanical 
properties of the composites. The highest storage modulus improvements were reached by 
addition of hemp fibre and nanosilica without plasticizer. An increase in storage modulus 
monitored in the temperature region from 70 to 100 C reflected an increase in structural 
stiffness due to recrystallization activity in the composites. In addition to matrix 
reinforcement, hemp caused nucleation of PLA crystallization. Addition of nanosilica to 
the PLA matrix enhanced the mechanical properties of the PLA composites by 
strengthening the PLA matrix phase. Nanosilica further contributed to nucleation of 
crystallization of the PLA. However, the silica–hemp hybrid composites were too brittle. 
TBC was used as a plasticizer in hemp fibre reinforced PLA–nanosilica hybrid 
composites for improving the flexibility of the PLA phase. The introduction of TBC in 
PLA matrix decreased the stiffness and brittleness of PLA matrix as observed in DMA 
and DSC results. The addition of TBC reduced the modulus though initiated 
crystallization on cooling, enhanced the nucleating ability of the fillers and chain mobility 
in PLA composites as observed in DSC results. TBC successfully disrupted the 
crystallization activity on cooling and improved the overall hybrid composite 
performance. TBC improved the interfacial interaction of hemp fibres with the 
PLA-nanosilica matrix as revealed by SEM morphology. SEM revealed a uniform 
distribution of nanosilica for composites with and without TBC. An effective transfer of 
stress between hemp fibres and PLA-nanosilica matrix resulted in improved physical and 
mechanical properties as evidenced by DMA and DSC results. A regular dispersion of 
nanosilica in the PLA matrix influenced the physical properties of the PLA matrix. 
Efficient dispersion of nanosilica resulted in strong interfacial interaction between PLA 
matrix and nanosilica, improved thermal and mechanical performance of the PLA matrix. 
Plasticizer facilitated the crystallization process for PLA composites with and without 
filler/s. The crystallization consisted of the same crystalline modification of the PLA 
matrix as shown in WAXS results.  
 
CHAPTER 9 
Non-isothermal Crystallization Kinetics of Hemp Fibre Reinforced 
Poly(lactic-acid) Nanocomposites Plasticized with Tributyl Citrate  
9.1 Introduction  
This chapter investigates the non-isothermal crystallization kinetics of plasticized PLA 
and its composites and further elucidates with kinetic models. This work is based upon 
non-isothermal crystallization behaviour of PLA and PLA composites presented in 
Chapter 8. The results demonstrated that TBC induced a Tc on cooling of plasticized PLA 
and plasticized PLA composites that enhanced the nucleating ability of the filler/s and 
chain mobility in PLA composites.  
Crystallization kinetics of PLA have been analyzed with isothermal and non-isothermal 
crystallization kinetics several of research groups [Miyata and Masuko, 1998; Di Lorenzo, 
2001; Zhang and Sun, 2004; Di Lorenzo, 2005; Di Lorenzo, 2006; Tsuji, Takai and Saha, 
2006; Su et al., 2009; Suryanegara, Nakagait and Yano, 2009; Li et al., 2010; Quero et al., 
2011; Saeidlou et al., 2012; Wu et al., 2013]. It was reported that the growth 
characteristics of PLA are dependent on cooling rate from its isotropic melt during 
non-isothermal crystallization and molecular weight of PLA, by means of DSC and 
optical microscopy. Crystallization rate of PLA was found very high at temperatures 
between 100 to 118 °C. Researchers of the crystallization kinetics of PLA 
nanocomposites found that the overall crystallization rate of PLA improved with the 
incorporation of various nanoparticles such as talc, sodium stearate and calcium lactate 
[Li and Huneault, 2007], montmorillonite [Chu and Wu, 2007], TiO2 nanowires [Li et al., 
2011], organoclay [Gumus, Ozkoc and Aytac, 2012] and silica [Papageorgiou et al., 2010; 
Zhang et al., 2012]. These nanoparticles were effectively acting as nucleating agents in 
crystallization of PLA nanocomposites. 
The crystallization of plasticized PLA nanocomposites was investigated in other articles 
[Li and Huneault 2007, Li et al., 2010]. It was reported that plasticizer facilitated the 
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crystallization process, both of plasticized PLA and plasticized PLA nanocomposites. 
Combining nucleating agents and plasticizer provided a synergistic contribution to PLA 
crystallization kinetics that improved the chain mobility and provided nucleation. 
However, there has been no detailed study on non-isothermal crystallization kinetics of 
plasticized PLA in combination with natural fibres in a nanocomposite in the literature. 
The aim was to investigate crystallization of PLA composites reinforced with natural 
fibres (hemp) and inorganic nanofiller (nanosilica) with addition of TBC as a plasticizer, 
and interpretation of the data using kinetic models. Non-isothermal crystallization is a 
practical method to investigate the crystallization behaviour of PLA because polymers are 
usually processed under non-isothermal environments. Non-isothermal crystallization 
kinetics of PLA composites, using two different theoretical models, namely Avrami and 
Ozawa models, were further elucidated to investigate the nucleation ability and crystal 
growth rate due to hemp fibres, nanosilica and the contribution of TBC plasticizer in PLA 
composites. 
9.2 Experimental 
9.2.1 Materials and Experimental Details 
Materials information, PLA with additional of TBC preparation procedures are detailed in 
Chapter 8.  
9.2.2 Characterization 
9.2.2.1 Non-isothermal DSC  
Non-isothermal crystallization of pPLA, pPnS, pPH and pPHnS was performed by 
heating the composites from 25 °C to 190 °C at various heating rates (1.0, 2.0, 5.0 and 
10.0 K·min
-1
). The composites were held at 190 °C for 2 min to remove any thermal 
history, and then cooled to 25 °C with the same scanning rate as the first heating. The 
measurements were carried out using N2 as purging gas.  
9.2.2.2 Hot stage optical microscopy 
The morphological study of PLA composites was observed with a Nikon LaboPhot II 
polarizing optical microscope. Thermal treatment was performed using a FP90 Mettler 
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central processor and FP90 hot stage with 1 C temperature precision. A Nikon D7000 
digital camera was used to capture photomicrographs of the composites. A thin film of 
PLA composite (2-10 m) was placed on a glass slide and covered with a glass cover slip 
to restrict the composite from being displaced. Composites were initially heated on a hot 
stage from room temperature to 180 C and held isothermally for five minutes before 
cooling. Isothermal crystallization behavior was observed by holding the composites for 
60 min to crystallize at 100 C after cooling at 20.0 Kmin-1 from 180 C. Spherulites was 
observed under crossed polarizers with a sensitive-tint plate aligned at maximum angle to 
the polarizer. Images of crystallizing PLA composites were recorded throughout the 
crystallization activity. 
9.3 Results and Discussion 
9.3.1 Non-isothermal Crystallization Kinetics 
Non-isothermal crystallization kinetics was used to further analyze the nucleation activity 
of PLA composites. By utilizing data from DSC curve, the relative crystallinity (T), as a 
function of crystallization temperature T, in non-isothermal crystallization process can be 
formulated as equation 9.1, 
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where, Ton is Tonset for crystallisation, T is Tend of the crystallization in the temperature 
range and dH is the enthalpy of crystallization released during infinitesimal temperature 
range dT.  
Equation 9.1 was transformed to (t) using a relationship between crystallization time t 
and temperature T in a non-isothermal crystallization process as in equation 9.2, 
 
/)( TTt o   (9.2) 
where, T is the temperature at the crystallization time t and  is the cooling rate. 
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Hence, the fractional crystallization of PLA composites are obtained as equation 9.3, 
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Figures 9.1 to 9.4 represent the fractional crystallinity, (t), as a function of time, t, of 
pPLA, pPnS, pPH and pPHnS as a function of time, t, at various cooling rates (1.0, 2.0, 
5.0 and 10.0 Kmin-1). 
 
Figure 9.1 Crystallinity, (t), as a function of time, t, of (a) plasticized PLA at various 
cooling rate. 
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Figure 9.2 Crystallinity, (t), as a function of time, t, of (a) plasticized PLA-silica 
composites at various cooling rates. 
 
Figure 9.3 Crystallinity, (t), as a function of time, t, of (a) plasticized PLA-hemp 
composites at various cooling rate. 
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Figure 9.4 Crystallinity, (t), as a function of time, t, of (a) plasticized PLA-hemp-silica 
composites at various cooling rate. 
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The value of half time of crystallization (t½,exp) was directly obtained from the plot of (t) 
against t, which indicates the change in time from the onset of crystallization to the time 
at which (t) reached 50 % of reduced crystallinity. The t½,exp of pPLA, pPnS, pPH and 
pPHnS are shown in Table 9.1. The crystallization peak temperature (Tc), the 
crystallization onset temperature (Ton) and enthalpy of crystallization (Hc) was obtained 
from non-isothermal DSC scans on cooling for pPLA and pPnS, pPH and pPHnS 
composites, data are summarized in Table 9.1.  
Table 9.1 Characteristic parameters of non-isothermal crystallization exotherm for 
pPLA, pPnS, pPH and pPHnS composites at various cooling rates. 
Composites 
 
 (Kmin-1) Ton (C) Tc (C) Hc (J/g) t½,exp (min) 
pPLA 10.0 
5.0 
2.0 
1.0 
89.7 
98.7 
104.6 
109.4 
80.3 
83.2 
88.3 
95.8 
0.28 
0.66 
3.45 
10.02 
2.55 
4.60 
12.35 
17.02 
 
pPnS 
 
10.0 
5.0 
2.0 
1.0 
97.0 
98.9 
107.1 
110.2 
85.8 
84.1 
88.7 
98.6 
0.47 
1.14 
9.53 
19.02 
1.60 
3.10 
9.75 
11.20 
 
pPH 
 
10.0 
5.0 
2.0 
1.0 
101.9 
106.6 
108.9 
113.6 
87.3 
86.4 
98.3 
108.4 
2.363 
8.300 
14.82 
20.62 
1.80 
3.40 
4.20 
4.80 
 
pPHnS 
 
10.0 
5.0 
2.0 
1.0 
101.1 
105.1 
107.8 
113.3 
86.8 
84.9 
94.3 
106.1 
2.421 
12.50 
15.69 
16.47 
2.00 
3.40 
6.58 
6.90 
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Results showed that the t½,exp of pPLA composites was higher than pPnS, pPH and pPHnS 
for all scanning rates indicating that the crystallization rate of PLA has been significantly 
accelerated with the existence of either silica or hemp or both. The order of t½,exp of 
plasticized PLA composites followed: t½,exp (pPLA) > t½ (pPS) > t½ (pPHS) > t½ (pPH) at slow 
scanning rates 1.0 and 2.0 Kmin-1. The addition of plasticizer and nucleating agents 
enhanced the transportation ability of polymer chains. As expected, the higher the cooling 
rate, the shorter time for completing the crystallization.  
The presence of  nanosilica in PLA composites acted as heterogeneous nucleating agent 
[Papageorgiou et al., 2010; Zhang et al., 2012] that promoted the nucleation of PLA, 
consequently increased the crystallization rate. Nanosilica was also effectively acted as a 
heterogeneous nucleation site in other biodegradable, PCL at low silica loading while 
high content of silica restricted crystal growth of PCL [Li et al., 2012]. 
9.3.2 Crystallization Kinetics Based on Avrami and Ozawa Models 
In addition to the t½,exp obtained from the plot of (t) against t, kinetic rate coefficients 
based on Avrami and Ozawa models were used to characterize non-isothermal 
crystallization kinetics of plasticized PLA composites.  
9.3.2.1 Avrami model 
The Avrami equation shown in equation 9.4 correlated the primary stage of 
non-isothermal crystallization explored [Avrami 1939, 1940], according to which the 
crystallinity, (t) exponentially dependent on crystallization time, t. 
 ]exp[)(1 nktt    (9.4)  
The linear form of this equation is represented by equation 9.5, 
 )log(log)](1ln(log[ tnkt    (9.5)  
where k is the crystallization rate constant and n is the Avrami exponent in the 
non-isothermal crystallization. 
Figure 9.5 represents a plot of log[-ln(1-(t)] versus log(t) for pPLA at 1.0 Kmin-1 for a 
complete crystallization process. As shown, the curve consists of two parts with different 
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slope implying of two stages of crystallization of pPLA composites. The initial part of 
(log[-ln(1(t)] < 0) shows a linear relationship representing primary crystallization and a 
second stage the curve deviates from the linear relationship suggesting secondary 
crystallization and spherulite impingement. Primary crystallization is the macroscopic 
development of crystallinity as a result of nucleation and subsequent crystal growth, 
whilst secondary crystallization is the further slower crystallization and perfection of 
initial crystallized macromolecules after the primary crystallization is over [Ren et al., 
2004]. In this research, plasticized PLA and all plasticized PLA composites showing a 
similar trend of crystallization as mention above, however investigation is focusing on the 
initial and mid parts of the (log[-ln(1-(t)] < 0) graph for Avrami analysis. Nucleation and 
crystal growth processes in non-isothermal crystallization is dependent on the temperature 
or cooling rate. Hence, the Avrami model is applied to the linear part of the curve that 
describe the primary stage of non-isothermal crystallization.  
 
Figure 9.5 Plot of log(-ln(1-c(t)) as a function of log(t) of pPLA for a complete process 
of crystallization at 1.0 Kmin-1. 
Figures 9.6 to 9.9 show a plot of log[-ln(1-(t)] versus log(t) for pPLA, pPnS, pPH and 
pPHnS composites, at various cooling rates (1.0, 2.0, 5.0 and 10.0 Kmin-1) of 
(log[-ln(1-(t)] < 0). The Avrami exponent n was obtained from the slope and the 
intercept of the graph provide the rate coefficient, log k. Table 9.2 summarizes the Avrami 
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parameters of plasticized PLA composites analyzed from the plot of log(-ln(1-c(t)) as a 
function of log(t) of all composites. Most of the fit R
2 
values were larger than 0.9980 
implying a very good Avrami fit of the data [Lorenzo et al., 2007]. 
 
Figure 9.6 Plot of log(-ln(1-c(t)) as a function of log(t) of pPLA. 
 
Figure 9.7 Plot of log(-ln(1-c(t)) as a function of log(t) of pPnS. 
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Figure 9.8 Plot of log(-ln(1-c(t)) as a function of log(t) of pPH. 
 
Figure 9.9 Plot of log(-ln(1-c(t)) as a function of log(t) of pPHnS. 
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The value of t½ was calculated using the Avrami exponent and rate of coefficient as stated 
in equation 9.6, designated as t½,cal in the discussion. 
 
n
k
t
1
2
1
2ln






  (9.6) 
Table 9.2 Avrami parameters for pPLA, pPnS, pPH and pPHnS at various scanning rate. 
Composites 
 
 (Kmin-1) n k (min
-n
) t½,cal (min) R
2
 
pPLA 1.0 
2.0 
5.0 
10.0 
2.40 
2.37 
2.35 
2.52 
7.57E-04 
1.77E-03 
1.89E-02 
6.67E-02 
17.08 
12.37 
4.62 
2.53 
0.9980 
0.9997 
0.9994 
0.9999 
 
pPnS 
 
1.0 
2.0 
5.0 
10.0 
2.35 
2.30 
2.22 
2.14 
2.29E-03 
3.63E-03 
5.10E-02 
2.58E-01 
11.42 
9.78 
3.24 
1.59 
0.9998 
0.9999 
0.9999 
0.9994 
 
pPH 
 
1.0 
2.0 
5.0 
10.0 
2.33 
2.27 
2.02 
2.40 
1.62E-02 
2.51E-02 
5.30E-02 
1.70E-01 
5.03 
4.31 
3.57 
1.79 
0.9992 
0.9999 
0.9977 
0.9982 
 
pPHnS 
 
1.0 
2.0 
5.0 
10.0 
2.37 
2.34 
2.07 
2.47 
6.40E-03 
7.35E-03 
5.18E-02 
1.22E-01 
7.21 
7.00 
3.51 
2.02 
0.9993 
0.9991 
0.9990 
0.9997 
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The Avrami equation fitted the data well in analyzing the non-isothermal crystallization of 
plasticized PLA and all plasticized PLA composite. The n value of all composites was 
found to be in range from 2.02 to 2.52, suggesting a primary crystallization process 
corresponding to a two dimensional circular diffusion controlled growth. According to 
Table 9.2, the values of k increased with increase of cooling rate for all composites. 
Nanosilica and hemp successfully acted as heterogeneous nucleating agents that promoted 
the nucleation of PLA as observed in pPnS, pPH and pPHnS composites. At slow cooling 
rate, the crystallization of pPH is greater than pPHnS and pPnS. An opposite trends was 
observed at high cooling rate that the crystallization rate of pPnS is greater than pPHnS 
and pPH in these composites. Nanosilica acted as a better nucleating agents for PLA 
composites at high cooling rate whilst hemp effectively enhance nucleation of PLA at 
slow cooling rate. Overall, the crystallization rate of pPHnS composites is slower than 
pPnS and pPH, as expected by addition macro filler and nanofiller in PLA composites that 
restricted the crystal growth of PLA 
The half crystallization times predicted by the Avrami fit (t½,cal) are in good agreement 
with the experimental values (t½,exp) indicating that for at least up to 50 % conversion of 
the crystalline state from the Avrami equation can be used to predict the overall 
crystallization process. The Avrami equation fitted remarkably well most of overall 
crystallization kinetics process well past the primary crystallization stage. The t½ was 
smaller in pPnS, pPH and pPHnS than in pPLA at a given cooling rate indicating that the 
overall crystallization of PLA was enhanced by the presence of hemp/silica or both hemp 
and silica in the composites. 
Results obtained in this study are in agreement with those reported by other researches 
[Zhang and Sun, 2004; Su et al., 2009; Zhang et al., 2012; Gumus, Ozkoc and Aytac, 
2012]. Gumus, Ozkoc and Aytac [2012] reported that the values of n for plasticized PLA 
and plasticized PLA nanocomposites was around 2, and the rate coefficient, k increased as 
the cooling rate increased that was acsribed to increased of crystallization rate of PLA. A 
similar n value range from 2.06 to 2.65 was observed for PLA blended with dendritic 
hyperbranched polymer (DHP) and starch in isothermal crystallization kinetics. The 
presence of DHP and starch acted as nucleation agents to form heterogeneous nuclei that 
improving the crystallization rate of PLA. Starch was found be less efficient than DHP 
because the PLA chain took a longer time to wet the starch surface and to fold for 
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crystallization. The same conclusion was reported for PLA and PLA–-cellulose 
composites in isothermal crystallization with n values around 2.0 to 3.0 [Wu et al. 2013]. 
Low contents of cellulose in PLA composites initiated the occurrence of heterogeneous 
nucleation that increased the spherulitic growth rate. However, high cellulose content 
reduced the growth rate of the spherulites because of mobility hindrance that dominated 
the heterogeneous nucleation. Different values of n range from 3.5 to 5.4 was found in 
PLA formulations comprising talc and poly(ethylene glycol) (PEG) analysed with  
non-isothermal crystallization attributed to three-dimensional growth with heterogeneous 
nucleation [Li et al., 2010]. These two additives had an opposite effect on size and density 
of the spherulites. Talc reduced the transportation ability of polymer chains whilst PEG 
decreased the concentration and increased the size of spherulites ascribed to plasticization. 
9.3.2.2 Ozawa model 
Ozawa analysis of non-isothermal crystallization kinetics was modified from Avrami 
equation with consideration of the effect of cooling rate [Ozawa, 1971] as shown in 
equation 9.6, 
 ]/)(exp[)(1 mTkT    (9.6)  
The linear form of the Ozawa equation is represented by equation 9.7, 
  log)(log)](1ln(log[ mTkT   (9.7)  
where, k(T) is the cooling function or Ozawa crystallization rate constant that indicates 
how fast the crystallization proceeds, m is the Ozawa exponent and  is the cooling rate. 
The Ozawa equation is valid to analyze non-isothermal crystallization kinetic if a linear 
relationship (straight line) can be obtained from this plot.  
Figures 9.10 to 9.13 shows the plots of log(-ln(1-(T)) versus log(β) at various 
temperatures within the crystallization temperature of pPLA, pPnS, pPH and pPHnS 
composites.  
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Figure 9.10 Plot of log(-ln(1-(T)) as a function of log(β) of pPLA. 
 
Figure 9.11 Plot of log(-ln(1-(T)) as a function of log(β) of pPnS. 
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Figure 9.12 Plot of log(-ln(1-(T)) as a function of log(β) of pPH. 
 
Figure 9.13 Plot of log(-ln(1-(T)) as a function of log(β) of pPHnS. 
In this study, at selected temperatures the crystallization processes at different cooling 
rates are at different stages. At higher cooling rate, the crystallization process is at an 
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The curves in the plots of pPLA and pPH show good linear relationship but pPnS and 
pPHnS deviates from linearity. These results indicated that the pPLA and pPH can be 
analysed by the Ozawa method. However, addition of nanosilica in combination with 
TBC in PLA as shown in pPnS, the data cannot be fitted by the Ozawa model. Ozawa 
model also failed to describe non-isothermal crystallization of PLA composites 
comprising hemp, nanosilica and TBC (pPHnS). 
The Ozawa equation was derived from the Avrami theory in which the secondary 
crystallization and impingement of spherulites were ignored. The reason that Ozawa 
analysis cannot adequately describe the non-isothermal crystallization of pPnS and 
pPHnS was due to the disregarded assumptions in Ozawa theory, where the secondary 
crystallization was not considered. Such phenomenon is not a unique case, it has been 
reported that the Ozawa approach could describe crystallization for PLA but not for 
PLA-talc-PEG nanocomposites [Li et al., 2010]. Another research reported that Ozawa 
method failed to describe the non-isothermal crystallization of PLA–nanoclay/PEG 
[Gumus, Ozkoc and Aytac, 2012], PLA-silica composites [Zhang et al., 2012] and PLA–
modified carbon black [Su et al., 2009]. 
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9.3.3 Polarized Optical Microscopy  
Spherulite morphology of PLA was further investigated to determine the influence of 
filler/s in PLA composites with and without TBC observed with hot-stage polarized 
optical microscopy (POM) displayed in Figures 9.14 and 9.15. 
 
(a) PLA 
 
(b) pPLA 
Figure 9.14. POM images of PLA and pPLA isothermally crystallized at 100 C. 
Figure 9.14 shows POM images for PLA and pPLA isothermally crystallized at 100 C 
for 20 min. It can be seen that well-developed of PLA spherulites grow to a size of around 
25 m in diameter for PLA. A distinct boundary was seen for the PLA matrix. POM 
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images of pPLA show that the addition of TBC decreased the concentration and increased 
size of spherulites, which was ascribed to the plasticization effect of TBC.  
 
(a) pPnS 
 
(b) pPH 
Figure 9.15. POM image of pPS and pPH isothermally crystallized at 100 C. 
Figure 9.15(a) shows a POM image of PLA spherulites with presence of nanosilica and 
addition of TBC in PLA matrix crystallized at the same temperature. Smaller and 
imperfect spherulites were observed in pPnS that grew rapidly and impinged quickly with 
surrounding spherulites that resulted in restriction of further growth after 20 min of 
crystallization. The nucleation density of pPnS was enhanced and resulted in enhancement 
of overall crystallization rate. Figure 9.15(b) shows that a high content of hemp in PLA 
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composites increased the crystallization around the surface area that is in agreement with 
crystallization kinetics discussed earlier. Research on other biodegradable polymers found 
that the crystallization of poly(-caprolactone) was enhanced by presence of nanosilica 
and influenced by silica loading [Li et al., 2012]. A bigger spherulite size was seen at high 
loading of silica > 5 %·w/w due to large aggregates of silica that decreased the nucleation 
efficiency of silica particle.  
9.4 Conclusion 
Hemp and nanosilica acted as nucleating agents for PLA that enhanced the overall 
crystallization rate of PLA composites. The overall crystallization rate was faster in the 
plasticized PLA composites than in plasticized PLA. The non-isothermal crystallization 
kinetics of plasticized PLA and PLA composites were characterized by Avrami and 
Ozawa models. Non-isothermal crystallization studies proved that the crystallization of 
PLA was enhanced by presence of nanosilica or hemp, or both fillers. The addition of 
nucleating agents increased nucleation of PLA and plasticizer improving the chain 
mobility that enhanced the crystallization of PLA in the composites as evidenced by DSC 
results and POM images. The Ozawa model failed to describe the non-isothermal 
crystallization process for plasticized PLA composites consisting nanosilica, whilst the 
Avrami model provide a good fit of the data for all composites.  
CHAPTER 10 
Conclusion and Recommendation for Further Research 
10.1 Overview 
Biodegradable composites comprised of natural fibres and nanofiller were prepared as an 
alternative material to the traditional composites made of non-biodegradable constituents. 
The aim was to investigate the thermo-physical properties and morphology of all-PLA 
composites and the influences of filler/s (either hemp, nanosilica or both) on physical and 
mechanical properties of PLA composites. Chapters 4 and 5 describe experiments 
performed on PLA non-woven fibres to form all-PLA composites prepared using 
compression  moulding at selected compaction temperature. Chapters 6 and 7 discussed 
the improvements of physical and mechanical properties of PLA composites reinforced 
with hemp fibres and various concentrations of nanosilica that was dispersed in PLA 
solution with ultrasonication. Double melting endotherms observed for all PLA 
composites within the melting temperature range of PLA were ascribed to melting–
recrystallization–remelting phenomena and were resolved with mT-DSC as a complement 
to conventional DSC. TBC was used as a plasticizer for PLA composites to enhance 
crystallization ability and it overall improved crystallinity of PLA composites as 
described in Chapter 8. The crystallization activity of plasticized PLA composites was 
further elucidated with non-isothermal crystallization kinetics based on Avrami and 
Ozawa models that were discussed in Chapter 9. Individual conclusions have been 
presented for the research described in each chapter. Inclusive conclusions are presented 
in the following section expressing the inter-relationship between results and relating to 
the aim and objectives of this thesis.  
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10.2 Conclusions   
10.2.1 All-Poly(lactic acid) Composites 
All-PLA composites were prepared by compression moulding where both reinforcing and 
matrix phase are given by the same polymer. This method required careful control over 
the compaction parameters (temperature, time and pressure) since underheating leads to 
insufficient fibre melting and lower interfacial adhesion, whilst overheating will melt and 
deorient the PLA fibres. Strong matrix adhesion was observed due to efficient melt 
adhesion by PLA on PLA at temperatures just below the melting temperature of PLA 
(172-176 C). This compaction temperature gave the best mechanical properties after 
10 min compaction time under low pressure and a short time at high pressure. WAXS 
showed that all-PLA consisted of the same crystalline modification of PLA matrix, 
however increased in intensity indicated higher crystallinity an improved crystalline 
perfection that is in parallel with DSC results. The compaction temperature at 100, 130, 
150 C was not successful for manufacturing all-PLA composites due to lack of inter-
fibre bonding resulting in poor mechanical properties. Higher than optimum compaction 
temperature was not effective due to additional partial melting of fibres that reduced the 
mechanical properties of the all-PLA composites. 
10.2.2 Poly(lactic acid)–Hemp Silica Hybrid Composites  
Inclusion of filler/s and plasticizer in PLA composites aimed to improve the physical and 
mechanical properties of PLA. The composites exhibited reinforcement due primarily to 
the performance and high ratio of hemp fibres, secondary reinforcement and restriction of 
mobility of PLA was due to silica nanoparticles. Hybrid PLA-hemp-silica composites 
enhanced the mechanical properties, however they provided no PLA crystallization on 
cooling, because of inherently slow crystallization of PLA. Melting behaviour of hybrid 
PLA-hemp-silica composites showed that PLA crystallizes on heating producing a 
crystalline phase through a cold-crystallization process. The Tg of these composites was 
slightly higher than neat PLA due to PLA relaxation being delayed by the existence of 
reinforcements. Addition of filler/s lead to crystallization during heating starting at higher 
temperature. The Tcc shifted to higher temperature consistent with changes in silica 
loading that was attributed to agglomeration of nanosilica. The presence of filler/s 
contributed to multiple melting endotherms of PLA that was explained by a melting, 
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recrystallization and remelting (mrr) process. This is attributed to a proportion of 
secondary crystals melting at lower temperature, within the melting temperature range and 
the melting of primary crystals at higher temperature. This multiple melting was observed 
through slow DSC scanning when less perfect crystals had sufficient time to melt and 
reorganize into crystals with higher structural perfection that melted at higher temperature 
within the melting range. Conversely, a single endotherm was detectable when higher 
scanning rates are used. A complementary analysis using mT-DSC, to resolve the melting 
endotherm into reversing and non-reversing components, proved that hemp fibres and 
nanosilica facilitated crystallization on heating causing the existence of a second melting 
peak. The reversing heat capacity confirmed that secondary crystals exhibited a reversible 
melting whilst primary crystals showed irreversible melting. A small reversing 
contribution in the reversing heat capacity suggested that the formation of crystals in the 
hybrid PLA-hemp-silica composites were stable crystals. A uniform dispersion of 
nanosilica in PLA matrix consequently enhanced thermal stability and mechanical 
properties of PLA composites, a combination of nanoparticle and hemp fibres with 
effective polymer filler interactions.  
The compatibility of hydrophobic PLA matrix and the hydrophilic nature of hemp fibres 
was achieved at a low content of nanosilica in the hybrid PLA-hemp-silica composites 
prepared with a film stacking method. Improved mechanical properties were attributed to 
efficient stress transfer from the polymer matrix to fibres. The high Tg of PLA imparted 
brittleness to the PLA matrix though this was altered with addition of plasticizer (TBC) to 
the PLA matrix. TBC was used as a plasticizer for the PLA matrix to reduce brittleness. 
TBC was included by absorption of plasticizer into dried hemp fibres by immersion of the 
hemp fibres in a PLA solution that was initially dispersed with 10 %w/w plasticizer 
based on total composite composition. The presence of plasticizer slightly reduced the 
storage modulus of PLA composites and reduced the brittleness of the composites through 
reduction in Tg. An improvement of interfacial strength resulted in efficient stress transfer 
between PLA matrix and hemp fibres, as observed from SEM results. Some plasticizer 
had successfully located on the fibre-matrix surface that allowed better wetting of the 
fibres by the PLA matrix. TBC increased crystallization on cooling, which in turn reduced 
the recrystallization on heating, consistent with DMA results. Reinforcement of PLA by 
hemp, nanosilica or both fillers combined, with addition of TBC, improved the ability of 
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PLA to undergo crystallization on cooling. Two fillers required longer times to induce 
nucleation in the PLA composites. Non-isothermal crystallization proved that the 
crystallization rate of PLA was accelerated by the existence of either hemp, silica or both 
fillers compared with plasticized neat PLA.  
PLA offers a possible alternative to traditional non-biodegradable polymers especially 
when their recycling is difficult or not economical. Besides the limitations of PLA due to 
its slow crystallization and brittleness, several of these challenges are expected to be 
overcome through blending PLA with other polymers, by making micro- and 
nanocomposites of PLA or with polymer modification with plasticizer. 
10.3 Recommendations for Further Research 
The reinforcement of PLA composites was progressively developed in this research to 
obtain compatable fibre–matrix bonding for composite application. A 1:3 ratio of hemp 
fibres to PLA matrix in combination with low nanosilica loading was used throughout this 
research. The interfacial adhesion within the composites was found to be enhanced, in 
most cases in the presence of plasticizer. The interfacial adhesion was found to be 
important, as the mechanical properties were dependent upon the interfaces within the 
composites. To provide further understanding of the interface and as a complementary 
investigation to the existing results, the surface properties of the composites could be 
measured using contact angle measurement. Nano-hardness modulus is suggested to be 
used to quantify the modulus of the interfacial region and PLA matrix.  
Composites were prepared manually using a laboratory scale heated hydraulic press and 
solvent casting. These methods limited the matrix distribution and reproducibility. In 
addition, the presence of a small number of voids were of consequence to the PLA 
composite formation method. Melt processing is more practical to achieve well 
compacted composites with minimum defects. However processing method need to be 
investigated to prepare multi-layered composites with optimum processing parameters 
and properties. Design of such a method would result in better mechanical properties of 
the composites. Furthermore, preparation of multi-layered PLA composites with varying 
ratios of hemp fibres to PLA matrix is recommended in order to improve the interfacial 
bonding of fibre-matrix, resulting in enhanced mechanical properties of PLA composites. 
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This thesis focused on 30 %w/w of hemp fibres to PLA matrix, further reinforced with 
silica nanoparticles at low loading. Properties of PLA composites were investigated and 
this information is now available. However, there is no direct investigation of interfacial 
adhesion between fibres and matrix in the composites. Mechanical properties were not 
measured using a larger-scale universal mechanical test instrument in order to study the 
stress resulting from strain applied, together with information on elongation and stress at 
break of these composites. Therefore, these properties are recommended to be 
investigated in the future. Determination of spherulite growth rates of PLA can be further 
investigated using a combination of isothermal and non-isothermal procedures [Di 
Lorenzo, 2001]. The spherulite growth rates can be measured by monitoring the growth of 
spherulite radius as a function of time and temperature, with further analysis using 
Hoffman-Lauritzen theory. Wide-angle X-ray scattering is suggested to be performed 
under isothermal conditions to reveal changes in crystalline morphology of PLA 
composites.  
The film stacking method of PLA composites preparation enabled thermal bonding 
without excessively melting the fibres, for the compositions used in the research. The 
brittleness of PLA-hemp-silica composites was altered with addition of a low content of 
TBC plasticizer. Therefore, no further modification was required in this research since 
10 %v/v of tributyl citrate was chosen for improving the physical properties of the PLA 
composites.  However, the application for other matrix polymers may need further 
modifications.  
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